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1. Introduction 


Three main renewable energy chains can be identified: bio- 
mass, bioethanol and biodiesel (BD). Mankind needs liquid fuels. 
Liquid fuels, mainly bioethanol, biodiesel, and eventually biobu- 
tanol provide one of the few options for (partial) fossil fuel 
replacement in the short- to medium-term. Although biofuels 
(58.9 Mtoe) only account for about 0.5% of global primary energy 
consumption, world biofuels production grew by 13.8% in 2010. 
Biodiesel (26%) is the dominant product in Europe and Asia and 
bioethanol (74%) in the Americas. 

Biodiesel has the potential to offer both greenhouse gas (GHG) 
savings and increased energy security. At the same time, there are 
concerns regarding reported poor energy balances, ecosystem 
destruction, land displacement issues [1] and interferences with 
food supplies [2]. Some advanced technologies (such as bioethanol 
from agricultural or forestry residues) or FT diesel (from wood) have 
the potential to produce biofuels with higher GHG savings (cfr. 
Table 30), but are currently still immature and expensive (no 
significant market penetration before 2020). Wastes and algae do 
not require agricultural land. 

Biodiesel (fatty acid methyl esters) raises wide interest 
because of a series of perceived benefits: political and economical 
(national energy security, trade balance); agricultural (rural 
development); environmental (renewable, biodegradable, and 
non-ecotoxic; GHG mitigation); fuel system lubricity (favourable 
ester lubricity properties); health (less harmful exhaust emis- 
sions); and ease of use and safety (high flash point). Oilseed esters 
are much more biodegradable ( > 95%) than mineral oils (25-40%) 
and pollute less than conventional diesel (CD) as far as sulphur 
oxide, particulates, and aromatic hydrocarbons in GHGs are con- 
cerned. It should be remembered that the transportation sector is an 
important contributor to overall GHG emissions (27.4% in Europe, 
about 20% worldwide) [3]. Other notorious (stationary) sources 
of GHG emitters are power plants (2324 Mt CO; eq/yr, 72%), petro- 
leum refineries (183 Mt CO- eq/yr, 5.7%) and the chemical industry 
(175 Mt CO- eq/yr, 5.4%). 

In addition to ignition quality (cetane number), several other 
properties are important for determining the suitability of bio- 
diesel as a fuel, namely heat of combustion, pour point, cloud 
point, and (kinematic) viscosity [4]. Some problems with biodie- 
sel use are slightly increased NOx exhaust emissions [5], oxidative 
stability, cold-flow properties and higher price. Biodiesel is mis- 
cible with conventional diesel in all ratios and can be used in 
diesel engines without significant engine modifications. Blends 
with petrodiesel are denoted by acronyms such as B20, which 
indicates petrodiesel extended with 20% biodiesel. 

Until 2005 biodiesel was conceived largely in the context of 
local agroclimatic conditions or national fuel needs, but has 
emerged more recently as a global industry and commodity. 
Since its inception in the early 1990s the biodiesel market has 
been characterised by rapid growth (especially in Europe) until 
2007 but by restrained growth afterwards. Global biodiesel produc- 
tion (2010) was about 16.1 Mt (Europe 9.5 Mt, USA 1.1 Mt, Argen- 
tina and Brazil 3.8 Mt, ROW 1.7 Mt), which was mainly derived from 
rapeseed oil (47%), soybean oil (35%), palm oil (10%), (high-oleic) 
sunflower oil (4%) and other oils and fats (including tallow, waste 


oils and corn oil) (4%). International biodiesel trade streams 
amounted to 2.25 Mt in 2010 [6]. 

The amount of biodiesel to be produced is very much a 
political issue, is imposed by governmental mandates, encouraged 
by subsidies, and does not really depend on free market trends. In 
May 2003, the European Union has issued the Biofuels Directive 
(2003/30/EC) with a specific EU-wide obligation of 5.75% (by 
energy) or about 18.0 Mt/yr of biofuels for the transport sector 
by 2010. Biodiesel production has seen rapid growth in Europe 
(from 300 kt in 1998 to 9.5Mt in 2010). EU is the leading 
biodiesel producing and using region worldwide, representing 
about 60% of global output. In 2009, biodiesel accounted for about 
80% of biofuels produced in Europe (bioethanol 20%). Although 
the EU target of 5.75% by energy (7.1 vol.%) has not been reached 
(short of 2.1 vol.%), an even more ambitious EU biofuels target of 
10% by energy has been set for 2020 in the latest Renewable 
Energy Directive 2009/28/EC (RED) [7]. There are serious doubts 
about its feasibility in terms of sustainability. Many governments 
have already revised their biofuels policy. Ireland has lowered the 
2010 biofuels target from 5.75% to 3%, citing price and emission 
concerns. UK’s Renewable Fuels Agency (RFA) has recently pro- 
posed that the Renewable Transport Fuels Obligation (RTFO) 
target for 2008/2009 (2.5 vol.%) should be retained, although with 
a reduced rate of increase in biofuels of 0.5 vol.%/yr rising to a 
maximum of 5 vol.% by 2013/2014 [8]. RFA has recommended in 
vain that the EU slows down its advancement of biofuels. Expanded 
oilseed production is limited by the availability of cropland. 

Biodiesel is now also the fastest growing alternative fuel in the 
U.S., with production soaring from 2 Mg in 2000 to over 1000 Mg 
at present (approximately 25.5 million barrels) despite the fact 
that diesel use in the USA is very limited. EPA has extended its 
renewable fuels standard (RFS2) volumetric compliance level 
from 500 Mgy in 2009 to 1 Bgy by 2012, a target that thus has 
already been hit in 2011. At the same time, biodiesel nameplate 
capacity has even grown abnormally (up to 21.9 Mt/yr in Europe 
2010; 3.0 Bg in USA) and currently determines largely under- 
utilized capacities and idle plants. Despite rapidly expanding 
nameplate capacity worldwide use of biodiesel remains marginal. 
The EU production in 2009 (9.0 Mt) represents 4.5% of diesel use 
in Europe. The US production in 2011 ( > 1000 Mg) accounts for at 
most 1.7% of diesel use (238 GL/yr, 2006). In Canada, biodiesel 
production was only about 0.1 GL/yr in 2006, compared with 
petroleum diesel use of about 28 GL/yr (2006). 

A recent OECD-FAO forecast sets global biodiesel production 
by 2020 at 29Mt [9]. An OECD recommendation [10] urges 
countries to end mandates for biofuel production and replace 
them with technologically neutral policies, such as carbon taxes 
that stimulate energy efficiency and a broad range of approaches 
to reduce GHG emissions (certification requirement). Indiscrimi- 
nately increasing the amount of biofuels may not automatically lead 
to the best reductions in emissions [11]. Recently, also concerns 
have been expressed on large biofuel mandates on account of 
previously ignored increased GHGs through emissions from land- 
use change [1]. Indirect land-use changes are indeed a valid concern 
even though the degree of uncertainty regarding their magnitude is 
considerable. A regulations rethink is necessary. 
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Energetic use of biomass offers numerous benefits but also 
ecological drawbacks. For instance, agricultural production of 
biomass is relatively land intensive, and also partly involves 
higher transport costs than fossil fuels. There are risks connected 
with pollution and there is the danger of reducing biodiversity if 
biomass is cultivated in monocultures. If biomass is used for 
energy purposes, then the ecological advantages must exceed the 
negative impacts on human life and the natural environment. 
Potential environmental and social impacts that could be pro- 
duced in tropical countries by large monocultures of oilseeds 
include deforestation, reduction of wild biodiversity, soil erosion, 
water overuse and contamination. Other major hindrances to 
market penetration of biofuels lie in the infrastructure to move 
feedstock, biofuels, and fuel blends. 

Transport is the only sector that has seen its emissions increase 
over the past two decades. The EU’s Fuel Quality Directive (FQD) 
aims at reducing transport fuel emissions by 6% by 2020 [12]. 
Biodiesel has been advocated as a partial solution to the increased 
atmospheric CO, concentrations because the carbon in biodiesel is 
recycled [13]. Biodiesel has the potential to deliver significant 
environmental benefits although there is little consensus on the 
degree of sustainability for various cultivation practices. Clearly, to 
reduce overall GHG emissions, the emissions of all GHGs required to 
produce, transport, and process the biodiesel crop must be less than 
emissions from fossil fuels displaced by the biodiesel. The public will 
ultimately reject biodiesel if it is not perceived as a credible 
environmental alternative to fossil fuel (cfr. Table 29). Both good 
and bad biodiesel products exist, not only in terms of economic 
profitability but depending on energy balance and environmental 
sustainability. As the number of scientific papers, reviews and other 
publications reporting possible environmental merits and risks of 
biodiesel fuels is staggering, it has become increasingly more 
difficult to have clear insights in the many interrelated factors and 
best options available for future development. Most recently, the 
uncertainty on the overall assessment of this complex subject is 
growing. 

The net benefits of biodiesel production from energetic, 
environmental, GHG, and socio-economic perspectives are still 
widely debated [1,8,11,14-18]. Certain conditions are inductive to 
a negative energy balance for rape biodiesel [19], most others 
have determined net positive energy balances [15,17]. Studies 
showing positive balances generally assume current agricultural 
production technologies, resulting in higher yields, lower energy 
inputs in crop production (e.g. reduced tillage, more efficient 
fertiliser management). New technologies for oil extraction could 
further reduce energy requirements [20]. 

Low-carbon fuel policies such as the EU RED and the UK RTFO 
have included minimal sustainability criteria to govern the 
production of biofuels. Consequently, it is timely to reconsider 
the sustainability of various manufacturing routes based on best 
agricultural practice and production technology. In particular, it is 
an objective of this paper to gain insight in the future prospects of 
rape biodiesel - the main biodiesel worldwide - in a global 
energy system. Quantification of the net impacts of various 
feedstocks by tools such as whole-life-cycle-assessments (LCAs) 
from field to fuel use provides a powerful means of determining 
the relative benefits of one production pathway over another and 
of biodiesel as an alternative transport fuel to fossil diesel, even 
though various uncertainties still exist in these approaches [21]. 
In this paper we have compared a multitude of very recent LCAs 
of rape biodiesel (cfr. Table 4), referring to different agricultural 
and industrial contexts with broad geographical coverage (both 
European and extra-European conditions). Additional objectives 
are to identify the most important environmental loads and 
effective parameters in rape biodiesel life cycle systems and to 
suggest measures for improvement. Conclusions are drawn and 


recommendations are formulated on the basis of current best 
practice. The results of LCA studies can be used to improve the 
performance of laggards in agricultural and manufacturing prac- 
tices and as an input to the strategic decision-making process for 
future transport energy policy. 

The currently available studies show considerable bandwidths 
of the potentials, environmental impacts and costs of rape 
biodiesel. This makes an objective assessment difficult and a 
discussion potentially controversial. Occasional comparisons will 
be made with other biofuels but this is essentially not within the 
scope of this paper. It should be remembered, however that most 
energy crops such as wheat, corn, rapeseed, soybean and sun- 
flower are highly substitutable. In particular, vegetable oil mar- 
kets are highly integrated. This paper has adopted a wide 
perspective with particular attention being devoted to the poten- 
tial impacts of growth of demand and the feasibility of large-scale 
biodiesel production. Land-use changes and imports are conse- 
quences to overcome domestic production constraints. 


2. Biodiesel feedstock 


There are two major markets for vegetable oils, 81% food and 
19% industrial uses including biodiesel. World oilseeds produc- 
tion is expected to increase by 23% from 413 Mt in 2010/2011 to 
507 Mt in 2020/2021, for 67% in the developing world (mainly 
Brazil, India and China) [9]. Global vegetable oil production will 
increase by over 30% from 138 Mt to 180 Mt (and from 45.7 to 
65.8 Mt for palm oil). The main driver for expansion is the 
demand for edible oils for the food market. Food use will increase 
from 113 Mt to 147 Mt and biodiesel from 18.4 Mt to 26.8 Mt [9]. 
By 2020, biodiesel production accounts for 16% of total oil 
consumption compared to 10% in the 2008-2010 period. Vege- 
table oil use for biodiesel production will reach about 50% of the 
EU’s total domestic consumption, as compared to 37% in 2008- 
2010. 

The choice of feedstocks for biodiesel is determined by a 
variety of factors including economics, local markets, predomi- 
nant climate and infrastructure as well as by political priorities. 
Feedstock represents the main factor (up to 80%) for cost evalua- 
tion of biodiesel. Industrial-scale biodiesel production is primarily 
of interest to oilseed producing areas, less so for vegetable oil 
importing countries. European biodiesel production is largely 
from refined rapeseed oil ( < 0.5% free fatty acids) since the crop 
can be cultivated in cool, temperate conditions; other oil-producing 
crops require warmer climates. 

Biodiesel feedstocks are regionally highly diversified. In Eur- 
ope, only rapeseed, sunflower and soybean are candidates for 
cultivation for energy use. Average yields in European countries 
show variability depending on genotype, growing techniques, 
environmental conditions, type of soil and input intensity levels. 
Up to 2008 the EU Common Agricultural Policy (CAP) included 
compulsory set-aside regulations which allowed for growing of 
new and traditional crops for non-food industrial end-uses with 
full hectare premium (EC Directive 1870/95). In Germany it is 
practically only possible to cultivate bioenergy crops on such set- 
aside areas. Rape and sunflower could be grown on set-aside land 
all over the EU and are the two most promising species for further 
development in Europe. Soybean is a protein-oilseed crop that, 
because of the high protein content commonly used for animal 
feed, had not been included in set-aside land in EU countries. 
These biodiesel crops have been cultivated for a long time for food 
oil (and soybean protein) production and the growing, hauling, 
storing and oil extraction techniques are well established. The 
effective yields from set-aside cultivations (4 Mha in 2007 out 
of 109 Mha of arable land) are generally lower than EU average. 
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The set-aside mechanism was abolished in 2008. EU27 2011/2012 
produces 29.44 MMT oilseeds (20.82 MMT rapeseed, 7.00 MMT 
sunflower, 1.16 MMT soybeans and 0.46 MMT cottonseed) and 
imports 15.0 MMT [22]. 

Rapeseed, sunflower, palm (imported) and olive oil are the 
most important commercial oils for food use in the EU and 
account for 22.9%, 25.0%, 21.6% and 15.7%, respectively, in 2011/ 
2012 [22]. Of the EU25 supply in 2004 only 0.9% RSO was 
imported, whilst 100% of the supply of palm oil was imported 
(largely through Rotterdam). Recently, also growing amounts of 
soybean oil (as well as soy biodiesel) have been imported. 
At present, feedstock for an average European biodiesel plant 
consists of 77.1% rapeseed oil (RSO), 12.8% soybean oil (SBO), 8.4% 
palm oil (PMO), and 1.7% sunflower oil (SNO) and waste oils such 
as tallow (TLW) and used cooking oils (UCO). Increased focus on 
biodiesel in the EU will accelerate vegetable oil demand. EU 
production of oilseed does not follow the increase in biodiesel 
production and domestic demand. European biodiesel from cur- 
rent total oilseed production is lame. In order to meet both 
industrial and traditional vegetable oil demand, EU imports 
should rise by 42% in the 2011-2020 period [9]. While feedstock 
(or biodiesel) can be imported into the EU, this will raise costs and 
contribute to transport energy consumption and emissions. 

The market potential of biodiesel originating from currently 
available agricultural feedstock is limited because of tight supply 
base and high (overall) production costs. In many countries it is 
probably not feasible to greatly intensify production of oilseed crops, 
the expansion of which has implications for a loss of biodiversity. 


2.1. Oilseed rape 


World rapeseed (crush) production amounts to 59.4 Mt (fore- 
cast 2011) [23]. Global rapeseed oil production of 23.4 Mt (2011 
forecast) has shown an average growth rate of 4.8%, or 0.52 Mt/yr, 
from 1987 to 2007. Main producers (2011 forecast) are EU27 
(8.9 Mt), China (5.4 Mt), Canada (2.8 Mt) and India (2.3 Mt) [23]. 
Biodiesel production is the major use of RSO in EU 27; in 2011/ 
2012 6.5 Mt (or 63%) of total rapeseed oil supply in EU 27 is 
expected to be used for biodiesel [22]. At global level only 16% of 
vegetable oil consumption is destined to biodiesel production in 
2020 [9]. In the past, most of EU biodiesel was produced from 
domestically grown rapeseed, a relatively highly priced feedstock, 
but now EU is a net importer of rapeseed. The European Union is 
the region in the world that is predicted to face the largest annual 
increase in rapeseed production in the 2005-2015 period [24]. 
Only 10% of RSO production is exported to the world market, 
mainly from Canada (80%) and India, mostly to the EU (0.73 Mt in 
2007). In recent years, imports in rapeseed and rape oil have also 
come from the Ukraine [25,26]. Rapeseed oil is a very volatile 
market [27]. RSO is used for food and industrial applications (13.5 
and 5.1 Mt, respectively in 2008). The use for food applications is 
rather stable with the main growth being in industrial applica- 
tions since 2003 (notably biodiesel in Europe). Oilseed rape is 
bred for its nutritional rather than energy content, and only a 
small part of the plant is used for biodiesel production. This 
means that the process is not very energy efficient [28]. 

Rapeseed cultivation 2011/2012 extends to 6.82 Mha of better 
quality land out of the total EU27 oilseeds area of 11.5 Mha [22]. 
Rape can be grown over a wide area of North-Central Europe and 
in some Southern areas where it is planted in full rotation with 
wheat. Main European rapeseed producers are France, Germany, 
Poland and UK. Rapeseed oil production in EU25 has increased 
sharply from 4.3 Mt (2004) to 8.1 Mt (2008/2009). The average 
yield of European rapeseed is ~3 t/ha; about 38.5% of this yield 
can be obtained as oil and ~54% as meal. National average grain 
energy outputs are extremely variable, e.g. 78 GJ/ha in France and 


Table 1 
Yield projections for rapeseed 2020. 


Geographic area Yield (t/ha) Geographic area Yield (t/ha) 
EU27 3.9 Rest of OECD? 2.4 
Brazil 3.5 ROW 2.6 
China 2.5 SSA‘ 1.9 
CIS 1.9 USA 2.7 
LAC? 2.6 World 2.8 


After Ref. [29]. 


* Other Latin American countries (incl. Argentina). 
> Incl. Canada and Australia. 
© Sub Saharan Africa. 


14 GJ/ha in less favourable conditions in Belarus. Yields projec- 
tions for rapeseed 2020 are given in Table 1. Winter oilseed rape 
(Brassica napus L.) is dominant in Germany, being cultivated on 
1.23 Mha (UFOP, 2004). Nearly one-third of it is used for non-food 
production. Germany realises an average yield of 4.1 t/ha rape- 
seed. Swedish rapeseed is grown mainly as winter rape in Skane 
(S. Sweden), in crop rotation mode on soils dominated by boulder 
clays with a high content of nutrients and limestone. East Anglia 
(UK) presents similar conditions [30]. The EU default value for 
lime for rapeseed cultivation is 6.1 kg/t rapeseed. Crop rotation is 
a common practice [15,31-35]. Rotational set-aside land within a 
crop rotation is currently used as standard in an agricultural 
reference system for biodiesel rapeseed production. In Germany 
and UK planting of rapeseed is restricted to once every 3-5 years 
to avoid club root and other Brassica diseases [15,32]. Rapeseed is 
mostly grown in non-irrigated soils under conventional or no- 
tillage conditions [31,36-38]. The practice of minimum tillage 
(as usual in the UK and Canada) is beneficial as (i) soil nutrients 
are stabilised, leading to higher quality soils; (ii) the structure of 
the soil is improved by the activity of earthworms; and (iii) use of 
diesel fuel to run agricultural machinery is reduced [30]. 

B. napus is by far the most common rapeseed cultivated in 
continental Europe. Ethiopian mustard (Brassica carinata) is better 
adapted and more productive in adverse conditions and under 
low input cropping system when compared with B. napus. 
B. carinata shows better agronomic performances in areas 
with a semi-arid temperate climate such as California and the 
Mediterranean basin [39]. The oilseed crop, which originated 
in Ethiopia and is capable of self-adapting to adverse agro- 
pedoclimatic conditions, allows use of set-aside lands in (high 
heat and drought) environmental conditions (Spain, Italy), unfavour- 
able for the cultivation of B. napus. B. carinata provides greater grain 
yields than B. napus in conditions of low rainfall during the grain 
filling period and high temperature. Canola-quality B. carinata is 
a potential oilseed crop for the Canadian prairies. Limitations of 
B. carinata for biodiesel production are its high contents of 
erucic acid (33-46%) and linolenic acid (10-16%) (exceeding the 
EN 14214 limit). 

Canola (CANadian Oil Low Acid, a trademark term) is a product 
of traditional plant breeding techniques to remove the antinutri- 
tional components erucic acid and glucosinolates from rapeseed 
to make the product absolutely safe for human and animal 
consumption. Canola oil should contain less than 2% erucic acid 
(C22:1) and the non-oil portion of the seed should have less than 
30 umol of glucosinolates. Increased canola production in Canada 
since 1965 (11.8 Mt from 6.47 Mha in 2009 with a target of 15 Mt 
by 2015) has not been the result of increased agricultural area, 
but rather the better and more sustainable use of the existing land 
base (summerfallow area). About 90% of canola produced in 
Canada is now genetically modified, including varieties with herbi- 
cide resistance and hybrids. Hybrids are not necessarily transgenic 
varieties. Hybrid seeds show a higher nitrogen utilisation efficiency 
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and have higher yields than open pollinated varieties. The adoption 
of hybrids is one of the reasons for the rapid increase in yields in the 
past decade. Oil content in canola seed now averages 42.8%, or 2.25 
times the oil extraction rate of soybeans. Production of 1 | of canola 
oil requires 2.15 kg seed. 

Two scenarios of crop management are possible, extensive and 
intensive. In extensive agriculture input levels are low, the limit- 
ing feature is low yields and the energy gain may be increased by 
reducing the energy costs. Intensive agriculture is more practic- 
able when available surface area is limited. In the latter case, high 
yields associated with high levels of both agronomic inputs and 
costs may be expected. Careful agronomic management, espe- 
cially nitrogen fertilisation, must be applied to avoid nitrate 
leaching. The root system is a key factor in maximising nitrogen 
uptake [40]; German practice adds on average 165 kg fixed N per 
hectare of harvested rapeseed. The EU Nitrates Directive limits 
application of nitrogen-containing fertilisers and manures to 
170 kg N/ha/yr [41,42]. The impact on the environment of 
cultivating rapeseed may be limited by choosing the right 
cultivar. For rapeseed, an increase in yield seems possible by 
using new hybrids. Although high yields are usually required to 
achieve high yields, rapeseed is able to tolerate reduction of 
inputs without leading to important yield losses, thus allowing 
optimisation of cultivation techniques with consequent energy 
savings (especially as regards fertilisation and tillage). The good 
adaptability of rapeseed to low inputs fits the requirements of 
both production of biodiesel and low environmental impact. 
Rapeseed is the fourth most important GMO crop [43]. 


3. Biodiesel life cycle 


A complete life cycle of biodiesel comprises an agricultural 
stage, oil milling, oil extraction and refining, as well as transpor- 
tation of the feedstock. The industrial stage consists of pretreat- 
ment (optional), vegetable oil (trans)esterification and biodiesel 
transport to the pump. The fuel stage consists in combustion. 

At first glance, biodiesel is generally considered to be envir- 
onmentally friendly. However, the environmental impacts con- 
nected with the production of agricultural raw materials (e.g. 
fertilisers, pesticides, water footprint, contamination of ground 
and surface water) do not occur in the case of fossil fuels. A whole 
life cycle assessment (LCA) of biodiesel from production of the 
biomass via conversion to end use as an energy source is needed 
in order to gain better insight in this matter. At a closer look, the 
aforementioned benefits of biodiesel are indeed not crystal clear. 
In fact, production of biodiesel generally takes a significant 
amount of non-renewable energy: fossil fuel needed for machin- 
ery in both the agricultural and industrial phase, as well as for 
transportation of raw materials, inputs and distribution of biofuel 
for final use, and embedded energy in chemicals (fertilisers, 
agrochemicals, methanol). Also biomass processing (crushing, 
extraction) requires considerable amounts of fossil fuels. The 
amount of fossil energy used for biodiesel must be measured 
over the entire life cycle of biodiesel production to determine the 
extent to which the fuel is renewable. Table 2 summarises the 
performance indicators of the biodiesel production system from 
rapeseed. In the geographical areas where the key driver for 
investment in biodiesel is environmental (e.g. in Europe), con- 
siderable emphasis is placed on assessing the whole-life-cycle 
carbon costs of biodiesel production technologies. Typical LCAs 
assign biofuels the gross benefit of using land, while they should 
only assign a net benefit. Different LCA studies disagree on the 
greenhouse gas (GHG) balance of a variety of biodiesel cropping 
systems, even in the absence of land-use change emissions (cfr. 
Section 6.3.2). The GHG or carbon costs are very dependent on 


Table 2 
Performance indicators of the biodiesel production 
system from rapeseed. 


Indicator of performance Value 


Average feedstock yield 
Average biodiesel yield 
Total energy yield 

Net energy yield 


3.35 t/ha/yr 
1200 L/ha 
44-102 GJ/ha/yr 
9-14 GJ/ha/yr 


Output-input energy 1.5-3.0 
ratio 
Energy content 32.6 MJ/L 


Energy throughput 
Land requirement 
Water requirement 


< 250 net MJ/h 

< 0.100 ha/net GJ 
3500-4500 m3/ha/ 
yr 


Labour requirement 4h/net GJ 


what the bioenergy crop might be replacing. In the vehicle use 
phase also direct assessment of engine exhaust emissions is 
possible [5]. 

Considering the whole life cycle, the advantages in terms of 
reduction of greenhouse effect and national fossil energy depen- 
dency are put into a clearer perspective. Biodiesel producers need to 
evaluate the environmental and energetical performances of their 
product in order to comply with sustainability criteria. As shown in 
Table 30, the EU default value for life cycle GHG emission savings for 
rape biodiesel complies with the legal minimum value (35%), at 
variance to soy biodiesel. Proper evaluation of a product should take 
into account many different social and environmental factors, in 
addition to energy yield, carbon budget and economic cost. Many 
studies have appeared that evaluate one or more of these aspects of 
biodiesel production, but only few make an attempt to present a 
more comprehensive evaluation [11,14,15,44-46]. Renewability is a 
useful measurement that can be used in conjunction with other 
measurements such as environmental and economic terms to assess 
biodiesel benefits. 


4. Life cycle assessment of biodiesel 


Life cycle assessment (LCA) according to the ISO standards 
14040 (2006) and 14044 (2006) evaluates potential inputs (in 
terms of energy, environmental burdens) throughout the life cycle 
of a product, process or activity from the extraction of raw 
materials through production and use, to final disposal. The LCA 
approach is data intensive. There is a major international effort to 
improve the availability of data for LCA, but there is a general lack 
of local data in developing countries. 

The rapid expansion in demand for biodiesel has raised 
concerns that feedstock production is causing both direct and 
indirect negative effects, such as water supply concerns, local 
environmental impacts on air, water and soil quality, habitat 
destruction and social issues (working conditions). LCA has 
become an important decision-making tool for promoting alter- 
native fuels. Incorporating uncertainty in LCAs of biodiesel is 
essential to improve the reliability of such studies [47,48]. The 
shear amount of recent LCA studies (cfr. Table 4) indicates the 
importance attached to biodiesel. 

The full LCA of biodiesel includes production of the raw 
materials and all their required inputs, utilisation of the raw 
and processed materials, and the disposal of materials. From a 
whole life-cycle viewpoint, a biodiesel pathway is a complex 
system (cfr. Fig. 2), which involves three economic sectors, 
namely agriculture, industry and services; covers all of the stages 
including raw materials cultivation/collection, fuel production, 
transportation to fuel storage and distribution; uses all sorts of 
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energy, including coal, petroleum products, natural gas, electri- 
city, hydropower and other renewable energy, as well as fertili- 
sers and agrochemicals. 

The production of vegetable oils is commonly divided into 
three stages: agricultural stage, oil mill and refinery stage, and 
transport stage (from production to destination of use). The 
production of biodiesel again comprises these stages: pretreat- 
ment, transesterification and transport to the pump, ready for use 
by the consumer. The production and use of biodiesel entails 
emissions to the environment (air, water and soil) coming mainly 
from the use of fertilisers during the agricultural phase, emissions 
from fuel use and solvents during industrial operations (trans- 
portation, oil extraction, transesterification), and use (combus- 
tion). Several climatological factors (type of soil, weather) have a 
strong influence on environmental impact. Additionally, other 
significant factors are the past land-use, production or not of by- 
products, the technological process path and use of biodiesel 
either in a mixed or neat mode. Thus it makes sense to examine in 
detail LCAs of biodiesel from various (edible and non-edible) 
sources. 

Limitations of the LCA method are several such as definition of 
system boundaries, allocation of impacts and temporal resolution. 
Table 3 also specifies differences in EU RED [7] and US EPA [49] 
GHG calculation methodologies. Most LCAs overlook soil carbon 
emissions from changes in land-use and hence they only provide 
a partial analysis in the sense that they only count the carbon 
benefits of using land for biodiesel crops and thus do not include 
other factors such as carbon costs, carbon storage and sequestra- 
tion sacrificed by diverting land from its existing use [1]. Social 
sustainability is not considered by LCAs [50]. 


4.1. Life cycle boundaries 


A most important stage in LCA is to set appropriate system 
boundaries (process stages considered, geographical coverage, 
timeframe, scale), and to define the reference systems used for 
comparison and the allocation of the environmental burdens 
among co-products. When the boundaries and other system 
assumptions are quite different a comparison between the results 
is often impractical and prone to misinterpretation. 

The conventional diesel (CD) life cycle begins at crude oil 
extraction and ends at CD combustion. The vegetable oil (VO)-based 
biodiesel (BD) life cycle includes chemicals production and trans- 
portation, vegetable cultivation, harvesting and transportation, 
vegetable oil conversion and transportation, biodiesel conversion, 
storage and distribution and VO-based biodiesel oil combustion. 

Life cycle assessment of biodiesel production requires a country 
or regional-specific approach (geographical reference area) due to 
the significant importance of local conditions. Regional specificities 


Table 3 
Main differences between EU RED and US EPA GHG calculation methodologies 
for biodiesel. 


Parameter EU RED US EPA 
Base year 2008 2005 
Reference value for diesel 83.8/90.3° 91.4 
(g CO2 eq/MJ) 
Allocation method Net calorific System expansion/ 
value economic value? 
Indirect land-use change Excluded Included 
GHG saving threshold (%) 35-60° 50-60" 


* Most recent value. 

> system-dependent allocation procedure. 

€ Current limit 35%, to increase to 50% in 2017, and 60% thereafter. 

4 The 50% for biodiesel from waste oil and 60% for cellulosic biodiesel. 


are a key factor when analysing the environmental impact of a 
biodiesel pathway through LCA. Due to different energy mixes (gas, 
petroleum, coal, etc.), transport distances, feedstocks (various seed 
oils), agricultural conditions (soil type; temperate or tropical; 
weather conditions), practices (e.g. tilling) and crop yields, as well 
as land-use (marginal and set-aside land) results can vary signifi- 
cantly from one country to another as well as in time (agricultural 
and technological advances). In particular, biodiesel LCAs are greatly 
affected by a nation’s general energy mix, fertiliser production and 
utilisation and electricity generation and consumption. Clearly, the 
direct application of LCA studies for specific countries may not be 
extended automatically to other countries due to many differences, 
including agricultural practices, soil types, available technology, 
types and application rates of agrochemicals, distribution logistics 
of agricultural inputs and the country’s energy profile. However, 
comparison of the energy consumption and GHG emissions of 
various biodiesel pathways in various conditions is useful to develop 
strategies and policies promoting large-scale development of the 
biodiesel industry at the most advanced level. LCAs are only valid for 
a given timeframe as technologies, production methods and prices 
are subject to change in the medium term. The effects of plant scale 
have been evaluated and range from small community [51] to large- 
scale biodiesel units [30,52]. Also the feasibility of large-scale 
production has been considered [11,14], cfr. also Section 6.3. 


4.2. Life cycle inventory allocation 


In the course of biodiesel life cycles so-called coupled products 
are co-generated, such as rape straw, rapeseed oilcake and crude 
glycerol from the production of rapeseed methyl ester (RME). 
When comparing RME with the substitute fossil energy source, 
these additional products provide an additional usefulness, which 
must be accounted for. The method used to calculate co-product 
credits is a crucial issue in biodiesel life cycle assessments that 
should be addressed carefully. When dealing with multi-output 
processes as in case of biodiesel LCAs allocation is necessary. 
Allocation is defined as the partitioning or assignment of material 
inputs and environmental releases or outputs among the main 
product and co-products and wastes. Several approaches are 
being employed. These include a displacement method and more 
or less arbitrary allocations on the basis of mass- or volume-based 
partitioning, energy value, or economic revenue (market value). 

In analysing farm-based processes economic, energy and 
weight allocations are the norm even though the “system bound- 
ary expansion” analysis method is preferred by ISO 14040:2006. 
In the substitution method, the system is expanded with avoided 
processes to remove additional functions related to the functional 
flows. The allocation approaches are less data-intensive and less 
challenging than the displacement approach. As stated in the ISO 
14040-44 series, whenever more than one allocation method can 
be applied, a sensitivity analysis is required. The mass method, 
which allocates input energy to various co-products by their 
relative weights, provides reasonable results [53]. Various alloca- 
tion approaches generate considerably different results [52,54]. 
Comparisons of LCAs based on different allocation modes are not 
recommended. Impacts are larger by switching from mass to 
energy content-based allocation [55]. Neither mass nor energy 
allocation is ideal for biodiesel systems because they do not 
recognise the nutritional difference between the oilseed meals. 
Since all of these meals are used almost exclusively for animal 
feed, valuing them on the basis of their mass or thermal energy 
contents is not the best approach. Physical allocation, based on 
well-defined inputs, invariable in time, is also recommended 
before economic allocation in ISO 14041. Allocation on price basis 
was applied in several rape diesel LCAs [30,56]. For rapeseed 
milling, the economic allocation factors are approximately 73% for 
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oil and 27% for meal; for FFB (fresh fruit bunch) and palm kernel 
milling, the allocation factors are 98% for oil and 2% for meal. 
Economic allocation factors vary with relative world market 
prices. 

Allocation on the basis of energy inputs (as in [57]) is 
inappropriate as only biodiesel (and eventually straw) will actu- 
ally be consumed in combustion for its energy content. The 
energy value-based allocation method is a favourable choice for 
a system in which the value of all the primary product and co- 
products can be determined on the basis of their energy content, 
such as the production processes of renewable fuels [7]. More- 
over, allocation of the energy inputs to the by-products (e.g. 
[52,58-60]) may be the correct procedure on a small scale, where 
the by-products can replace other similar products, but does not 
necessarily apply on a very large scale. This already holds for the 
glycerol glut, but could equally well apply to meal in the future. 

It is now generally accepted that the preferable method of 
determining co-product credits, which avoids allocation, is to 
perform a system expansion [61-63]. This is endorsed by ISO 
14041. Weidema [62] used the method for determining the value 
of rapeseed meal in the biodiesel production process. The proce- 
dure has also been applied in the life cycle analysis of rapeseed oil 
in the agricultural stage [64], as well as for canola biodiesel 
[37,38] and soy biodiesel [38,65]. For allocation to crops in a 
cropping plan, cfr. Ref. [66]. 


4.3. Life cycle impact assessment (LCIA) 


Life cycle results should always be presented relative to a 
baseline system, in this case petroleum diesel fuel. LCA assesses 
the additional quantity of energy required to turn the energy 
embodied in the raw materials into usable energy of the biodiesel. 
Direct energy consumption (petroleum products, electricity) and 
indirect energy consumption (used for production of materials 
and equipment) are evaluated in the fuel life cycle. The energy 
balance is defined as the energy consumed per unit of energy 
delivered. It includes the full life cycle energy consumption. There 
are two different energy balance measures that are important for 
biofuels, the total energy balance and the fossil energy balance. 
The biodiesel energy ratio (ratio of fuel energy to the total energy 
needed for biodiesel production) depends on climatic conditions 
and on the efficiency of the agro- and oil-processing technologies 
used. Rapeseed straw has a large impact on the energy ratio. 
Usage of rapeseed cake substantially improves energy conversion 
values, while the effect of glycerol is less. The impact of trans- 
portation and utilisation phase is a function of transport distance 
and the type of vehicle used. For renewability a positive energy 
balance (EROI>1) is required. The continual adoption of new 
technologies in farming, oilcrop processing, and for biodiesel 
conversion affects the life cycle energy use over time, requiring 
update of LCA models. 

The main question to be answered by LCA is whether biodiesel 
is environmentally friendlier than fossil diesel. There is an 
ongoing interest in the environmental assessment of biodiesel 
since early 1990s [67]. Carbon emissions can by minimised 
throughout the life cycle of biodiesel production by application 
of sound science and engineering, agricultural best practice, 
maximising the use of biomass co-products (i.e. meal and glycer- 
ine) and by minimising transportation. In general, existing LCIA 
methods are associated with considerable uncertainties regarding 
toxicity. Most of the contributing emissions are pesticides (such 
as cypermethrin and chlorpyrifos) and heavy metals from fertili- 
sers (meanly copper, zinc, chromium and nickel). Balances for the 
impact categories human toxicity and ecotoxicity are difficult to 
calculate because of insufficient databases in the area of fuel 
combustion. 


The land-use metric (GJ/ha/yr) provides insight into the 
strategic use of land and is the most meaningful for the same 
land class. According to Weidema et al. [68], land-use covers a 
variety of aspects which must be included in life cycle assessment 
in different ways: area occupancy, land degradation and trans- 
formation, impact on biodiversity and aesthetic impact. Soil 
erosion caused by over-grazing is the greatest threat to agricul- 
tural land. Attention should be given to the land area used as well 
as to making an assessment of the quality and sustainability of 
land-use. Land-use is seldom being taken into account in today’s 
LCAs since there are no impact assessment methods available. 
Mattson et al. [69] have formulated various impact sub-categories 
under the land-use category. 

Blind spots in agricultural LCAs have been discussed by 
Schmidt [59]. Increased agricultural production can be met by 
increased yield or by increased area, i.e. transformation of non- 
productive land into agricultural land. This may include crop 
displacement. These two strategies carry significant differences in 
environmental impact: increased cultivated area has land-use 
effects, whilst increased yields may have more pronounced effects 
relating to global warming and eutrophication. The methodology 
to evaluate land-use change is still under development [70]. 
As land constraints and GHG emissions are a primary concern for 
EU27 emissions savings per unit area allow meaningful ranking. 

Water is an important constraint on bioenergy production in 
many locations. The impacts of water use are usually not included 
in LCA by lack of data and agreed methodology for estimating the 
water footprint [71,72]. This is probably because LCA is largely a 
site-generic assessment tool, and incorporation of location and 
time specific data (e.g. for water use) is a considerable challenge [73]. 
The eco-scarcity method includes eco-factors for water use. There is 
currently no agreed methodology for estimating the impacts of 
biodiversity in LCA. 

Standardisation of impact assessment methods is difficult [74]. 
Weighing methodology to aggregate LCA results in different 
environmental impact categories to one cumulative index has 
been described [75,76]. Different evaluation methods in LCIA use 
various policy criteria (Eco-scarcity, Eco-indicator 95, etc.) or mone- 
tary criteria (ExternE, EPS) and all focus on different impacts [77]. 
For example, the EPS method [78] concerns more resource depletion 
than emissions. 


5. Life cycle assessments of Brassica biodiesels 


Recent life cycle assessments of Brassica biodiesel pathways 
are reported in Table 4 and are discussed below according to the 
geographic area. Most rape biodiesel LCAs refer to winter oilseed 
crops, some have also considered spring oilseed rape [57,79]. 
Regular updates of LCAs are useful in the light of improved 
agricultural practices determining a rise in oilseed rape yield, 
different energy efficiency and emissions data for fertiliser pro- 
duction, and higher nitrous oxide emissions from the fertiliser 
manufacture process, etc. [80], as well as new industrial technol- 
ogies. It follows that the most recent LCAs are best representing 
state-of-the-art. Also, LCA methodology and data are continuously 
being improved. In the future, more attention should be paid to 
the effects of land-use and allocations, particularly in scenarios of 
extended biodiesel mandates. 

The reviewed LCAs differ in cultivation practices, extraction 
mode, business models (extraction annex biodiesel plant), trans- 
esterification strategy, production strategy (plant size), etc. LCA 
studies reported vary considerably from each other regarding 
assumptions made on agricultural yields, treatment of agricul- 
tural residues and allocation methods for high-value by-products. 
Both low and high rapeseed yield scenarios were reported 
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Table 4 
Recent life cycle assessments of Brassica biodiesel pathways. 
Feed LCA Functional unit Application Location Tools Methods Impact categories Year Reference(s) 
framework 
Rapeseed WTW 100 km covered with Combustion of Greece SimaPro Eco-indicator AP, AETP, CE, CED, EP, GWP, 2012 [81] 
a recent, middle size biodiesel and diesel in 5.0 99 ORE, PM 
car passenger car 
Rapeseed WTW 1 MJ of combustion Biodiesel production China - - EBR 2011 [19] 
energy 
Rapeseed WTP 1 MJ of combustion Biodiesel production Switzerland - CML, UBP 06 GWP, LUC 2011 [82] 
energy 
Rapeseed, Soybean, WTP 1 kg of biodiesel Biodiesel production Unknown - Eco-indicator EQ, HH, RD 2011 [83] 
Sunflower produced 99 
Rapeseed WTW One person-km Combustion of China SimaPro IMPACT CED, EQ, GWP, HH 2011 [84] 
driven by a regular biodiesel and diesel in 7.0 2002 + 
bus diesel engines 
Canola WTP 1 t of canola Biodiesel production Canada GHGenius - GWP 2010 [37] 
production from canola 3.19 
Rapeseed, Palm oil WTP 1 t refined vegetable Vegetable oil Europe - EDIP97, AP, BD, EP, ET, GWP, LU, 2010 [64] 
oil production (Denmark) IMPACT ODP, PS 
2002+, Eco- 
indicator 99 
Rapeseed, Sunflower CTF Production of 1t of | Oilseed production Chile Gabi 4.2 CML 2001, ADP, AP, EBR, EP, FAETP, 2010 [85] 
seeds per year Eco-indicator GWP, HTP, LUC, MAETP, 
99 ODP, POCP, RAD, TETP, WF 
Canola, Tallow WTW 1 kg of biodiesel Biodiesel production New - E4tech GWP 2008 [36] 
produced Zealand 
Rapeseed, Sunflower WTW 3.2 Mt of biodiesel Biodiesel production Italy - - EROI, GHG 2008 [11] 
produced 
Rapeseed, Soybean WTP 1 kg of biodiesel Biodiesel production Europe, - - GHG, LUC 2008 [16] 
produced Brazil 
Rapeseed WTP 1 t of biodiesel Biodiesel production UK - EDIP 2003 GWP, TEC 2008 [30] 
produced 
Rapeseed WTP 1 kg of biodiesel Biodiesel production New - - EB, GWP 2008 [86] 
produced Zealand 
Rapeseed, Palm, WTW 1 MJ of energy Combustion Switzerland ecoinvent Eco-Indicator CED, GHG 2007 [87] 
Soybean, Used 1.3 99, UBP 06 
cooking oil, 
Bioethanol, Biogas 
Rapeseed WTP 1 t of biodiesel Biodiesel production - SimaPro CML 2000 ADP, AP, EP, FAETP, GWP, 2007 [88] 
produced 6.0 HTP, MAETP, ODP, POCP, 
TETP 
Canola, Soybean WTP Biodiesel produced Biodiesel production Canada - - EBR 2007 = [38] 
from 1.0 t of 
vegetable oil 
Rapeseed WTW 1 kg of biodiesel Biodiesel production UK - - EB, GHG 2006 [89] 
produced 
Rapeseed, other WTW Unspecified Biodiesel production Europe - - EB, GHG 2005 [90] 
vegetable oils 
Rapeseed WTP Rapeseed from 1 ha/ Biodiesel production Lithuania - - EBR 2004 [59] 
yr 
Rapeseed WTP 1 MJ of combustion Biodiesel production Sweden - - AP, EP, GWP, POCP 2004 [52] 
energy 
B. carinata WTW Energy for 1t grain Biodiesel production Italy - - EBR 2003 [39] 
Rapeseed WTW 1 t biodiesel Biodiesel production UK - - EROI, GHG 2003 [56] 
Rapeseed WTW 1 MJ of combustion Combustion of Germany - - AP, EB, EP, GWP, NP, ODP, 2003 [34] 
energy biodiesel and diesel in POCP 
diesel engines 
Rapeseed, Sunflower WTP 1 MJ of biodiesel Biodiesel production France - - EB, GHG 2002 [33] 
Rapeseed, Soybean, CTF 1 ha oilcrop Oilcrop production Sweden, LU 2000 [69] 
Palm oil Brazil, 
Malaysia 
Rapeseed WTW Rapeseed from 1 ha/ Biodiesel production Germany - - AP, EBR, GWP 1997 [91] 
yr 
Rapeseed WTW Drive 100 km with Comparison between Belgium, - Nordic AP, CED, EP, GWP, NRW, 1996, [92,93] 
an identical car in biodiesel and diesel (W. Manual, POCP, RW, WF 1998 
specified conditions utilised to drive a car Europe) ExternE 


CTF: Cradle-to-farm gate; WTP: Well-to-pump; WTW: Well-to-wheels. ADP: Abiotic depletion potential; AETP: Aquatic ecotoxicity potential; AP: Acidification potential; 
BD: Biodiversity; CE: Carcinogenic effects; CED: Non-renewable energy consumption; EB(R): Energy balance ratio; EP: Eutrophication potential; EQ: Ecosystem quality; 
EROI: Energy return on investment; ET: Ecotoxicity; FAETP: Fresh water aquatic ecotoxicity; GHG: Greenhouse gas; GWP: Global warming potential; HH: Human health; 
HTP: Human toxicity potential; LU: Land-use competition; LUC: Land-use change; MAETP: Marine aquatic ecotoxicity; NP: Nutrification potential; NRW: Non radioactive 
waste; ODP: Ozone layer depletion; ORE: Organic respiratory effects; PM: Particulate matter; POCP: Photochemical potential; PS: Photochemical smog; RAD: Radioactive 
radiation; RD: Resource depletion; RW: Radioactive waste; TEC: Total energy consumption; TETP: Terrestrial ecotoxicity potential; WF: Water footprint. 


(cfr. Tables 13, 15, 22 and 25). Other issues evaluated considered 
local supply vs. global supply of vegetable oils, in particular to the 
EU (cfr. [64]), as well as imports of biodiesel. 


Several co-products are generated in producing biodiesel from 
oilseed. Main co-products are straw (if removed from the field), 
protein meal (a by-product of oil extraction) and glycerine 
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(an industrial feedstock). Other main co-products are honey, 
beeswax, pollen, propolis and royal jelly (cfr. Fig. 2), and free 
fatty acids. The co-product potassium sulphate was explicitly 
considered by Ref. [36]; soapstocks have never been included 
in LCAs. 

The most valuable agricultural co-product in the rape biodiesel 
life cycle is rapeseed meal, which can be used as animal fodder or 
alternatively for direct combustion or for generation of biogas [34]. 
Crop pressings also have potential value as biopesticides. Rapemeal 
may replace soymeal. Soybean meal dominates the protein meal 
sector for animal feed with about 67% of the total production; the 
next largest component is rapeseed or canola meal with 14%. 
Rapeseed contains 40% oil and 20% proteins. Heat-treating rapeseed 
meal (RSM) gives it the same feeding value as soymeal in milk 
production [94]. In terms of energy savings and GHG effect direct 
combustion of RSM is more favourable than fermentation to yield 
biogas or use as animal feed [34]. Large-scale feedstock production 
could lead to an excess of meal. 

At variance to cereal straw, straw from rapeseed cultivation is 
seldom harvested as a fuel, but used in crop rotation to increase 
the humus content in the soil. In countries like Germany, Sweden, 
UK and Australia rapeseed straw is mostly incorporated into the 
soil. If crop residues produced from the agricultural phase are 
mostly left on field (as in the Canadian practice for canola and 
soybean cultivation) in order not to decrease the soil content of 
organic matter then straw is not a co-product. In some countries 
(e.g. Denmark) straw is utilised as a biofuel in vegetable oilcrop 
cultivation practices [64]. 

Free fatty acids are co-produced in the neutralisation process 
in the oil refining and subsequently esterified. Glycerine is 
generally a low-value co-product of vegetable oil transesterifica- 
tion, although some industrial processes enable production of 
refined glycerol for the pharma industry [95]. The proportion 
of bio-glycerine produced depends on the feedstock composition 
but is typically almost 10 wt% for refined vegetable oils. Large- 
scale biodiesel production creates a glycerine glut. Already, the 
co-product glycerine no longer finds a good market value and can 
be considered as an industrial waste. Efforts are being undertaken 
for its valorisation [96]. The energy used to produce biodiesel is to 
be allocated to biodiesel and its co-products. 


5.1. Western European conditions 


Eleven pre-2002 LCA approaches to the evaluation of energy 
and global warming aspects of biodiesel production from oilseed 
rape in the UK [57,79,80,97-100], Germany [101,102], Belgium 
[103] and Australia [104] were critically reviewed by Mortimer 
et al. [56]. These early studies report a wide range of energy 
requirements (0.33-0.89 MJ/MJ) and carbon requirements (from - 
0.091 to 0.036 kg CO2/MJ). The main reason for the lowest (negative) 
carbon requirement of Ref. [57] is that all co-products (glycerine), 
by-products (rape meal) and waste products (straw), were assumed 
to be burnt as fuels, giving substantial energy and CO, emissions 
credits. Common factors exerting considerable influence over the 
final results are the nitrogen fertiliser input and consequent rape- 
seed yield, the energy and carbon requirements of nitrogen fertiliser, 
total energy inputs and CO2 outputs of oilseed cultivation, reference 
systems for oilseed cultivation, oilseed processing data, and alloca- 
tion procedures. 

In European conditions considerable variations in nitrogen 
fertiliser inputs (83-290 kg N/ha/yr) and rapeseed yields (2200- 
4080 kg/ha/yr) were assumed to reflect typical agricultural prac- 
tice, normally on a national scale. No general direct correlation 
between N fertiliser use and yield could be established. Identical 
rapeseed yields (3200 kg/ha/yr) were reported for N fertiliser 
input ranging from 185 kg N/ha/yr [79] to 290 kg N/ha/yr [97]. 


However, for winter oilseed rape cultivated in three different 
regimes (high intensity, nitrogen conserving, and mainly organic) 
with N fertiliser inputs of 180, 134 and 83 kg N/ha/yr, respec- 
tively, rapeseed yields were 3110, 2950 and 2540 kg/ha/yr, 
respectively [101]. The most efficient rate of N fertiliser appli- 
cation has been given as 180kg N/ha/yr [98]. The primary 
energy consumption and CO, emissions from the manufacture 
of nitrogen fertiliser make significant contributions to the total 
energy inputs (4600-21,167 MJ/ha/yr) and CO2 outputs (314- 
877 kg CO3/ha/yr) of conventional rapeseed cultivation. The high 
total energy input of 21,167 MjJ/ha/yr is a consequence of the high 
fertiliser energy requirement (59.70 MJ/kg N) [57]. The much 
lower total energy input of 13,254 MJ/ha/yr was observed for a 
high-yield cultivation where straw was ploughed in, determining 
a low fertiliser energy requirement (38.00 MJ/kg N) [98]. Also 
considerable differences were observed for the total energy input 
for the processing stage (drying, extraction, refining, transester- 
ification), ranging from 9.60 MJ/kg RME [57] to 20.92 MJ/kg RME 
[79], cfr. Table 5. Extraction consists of either cold pressing and 
solvent treatment, or hot pressing and crushing. The energy 
required by crushing was grossly overestimated by Refs. [57,79] 
and has been reduced from 238 MJ/GJ to 12 MJ/GJ [97]. Methanol 
accounts considerably for the primary energy and CO2 output of 
biodiesel. Process steps require careful optimisation. 

Mortimer et al. [56] have evaluated the energy, global warm- 
ing and socio-economic costs of producing rape biodiesel with 
typical 2002 UK values (Fig. 1). Assumptions were a rapeseed 
yield of 3.074t/ha/yr, and an application rate for nitrogen 
fertiliser of 196 kg N/ha/yr. A crusher annex biodiesel plant was 
taken as the business model. Solvent extraction was applied with 
an extraction efficiency of 40.5%. The basis of allocation proce- 
dures was price. Table 6 shows the representative primary energy 
inputs and CO2 and GHG outputs for the conventional process. 
In addition to COz emissions, other GHG emissions, notably 
methane (1.032 kg CH,/t BD) and N20 (1.794 kg N20/t BD), can 
be released. N20 emissions arise during the production of nitro- 
gen fertiliser and, subsequently, as a result of its application to the 
soil during and after the cultivation of rapeseed. Total GHG output 
on account of the nitrogen fertiliser is 766kg CO, eq/t BD, 
increasing the total GHG output for the conventional production 
of biodiesel from oilseed rape to 1516 (88) kg CO2/t BD. 

For a modified production process the following assumptions 
were made: (i) low-nitrogen cultivation method (81 kg N/ha/yr); 
(ii) rape straw utilisation to replace natural gas and fuel oil; and 
(iii) biodiesel utilisation instead of conventional diesel in agri- 
cultural machinery and for transportation. Tables 7 and 8 show 
that the primary energy input, CO2 and GHG outputs are reduced 
by over 52%. The total primary energy input values per unit of 
energy in biodiesel from rapeseed in the UK (0.43(2) MJ/MJ for 
conventional production and 0.20(2) MJ/MJ for modified produc- 
tion) are at the lower extreme of the range of energy 


Table 5 
Biodiesel processing data. 


Extraction Extraction Methanol Total Reference 
method processing 

Energy (MJ/kg Energy (MJ/kg Energy (MJ/kg 

RME) MeOH) RME) 
Crushing 3.47 19.70 9.60 [57] 
Crushing 8.52 33.00 20.92 [79] 
Solvent 2.78 38.09 11.43 [102] 
Crushing 0.43 0 11.43 [98] 

After Ref. [56]. 
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CULTIVATION 


0.924 ha 
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2.782 t Rape straw 


TRANSPORT, DRYING 
AND STORAGE 


2.664 t Dried rapeseed 


SOLVENT EXTRACTION 


1.079 t Crude rapeseed oil 


REFINING 


1.052 Refined rapeseed oil 


TRANSESTERIFICATION 
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STORAGE AND 
DISTRIBUTION 
1.000 t Biodiesel 


Fig. 1. Flowchart for the conventional production of biodiesel from rapeseed in 
the UK with solvent extraction. After Ref. [56]. 


1.575 t Rape meal 


Table 6 
Representative primary energy inputs, CO2 and GHG emissions for conventional 
production of biodiesel from rapeseed with solvent extraction in UK conditions. 


Activity Primary energy Carbon dioxide Greenhouse gas 
input (MJ/t BD) output (kg CO2/t BD) output (kg CO2 eq/t BD) 

Cultivation 

Nitrogen 3962 (556) 186 (27) 766 (75) 

fertiliser 

Other inputs less 1845 (239) 93 (13) 96 (13) 

fallow set-aside 
Transport 511 (22) 33 (1) 33 (1) 
Drying 566 (85) 41 (6) 41 (6) 
Storage 214 (18) 17 (2) 18 (2) 
Extraction 2394 (242) 113 (13) 120 (13) 
Refining 411 (34) 26 (2) 27 (2) 
Transesterification 5076 (607) 368 (40) 376 (40) 
Plant construction 162 (21) 7 (1) 7(1) 

and 

maintenance 
Distribution 498 (21) 32 (1) 32 (1) 
Totals 16,269 (896) 916 (52) 1516 (88) 


After Ref. [56]. 


requirements from 0.33 to 0.89 MJ/MJ reported in the aforemen- 
tioned earlier studies. Rowe et al. [21] cite an average value of 
0.279 MJ/MJ for a systematic review of UK LCAs. The value of 
0.011(1) kg CO z/MJ using modified production is almost at 
midrange of the values of carbon requirements obtained in 
previous studies, which vary between -0.091 and 0.036 kg CO2/ 
MJ. The estimated values of the GHG requirement of biodiesel by 
conventional and modified production are 0.040(2) kg CO2 eq/MJ 
(net) and 0.019(1) kg CO, eq/MJ (net), respectively. Rowe et al. 
[21] report a mean GHG output of 0.043 kg CO2 eq/MJ. 

The major three activities in terms of impact on energy and 
emissions are N fertiliser production and use, solvent extraction and 


Table 7 

Representative energy inputs, CO2 and GHG emissions for modified production of 
biodiesel from rapeseed with low-nitrogen cultivation, straw used as heating fuel 
and biodiesel replacing diesel fuel in agricultural machinery. 


Activity Primary Carbon dioxide Greenhouse gas 
energy input output output 
(MJ/t BD) (kg CO2/t BD) (kg CO2 eq/t BD) 
Cultivation 
Nitrogen fertiliser 1739 (244) 82 (12) 336 (13) 
Other inputs less 243 (115) -13 (6 -11 (6 
fallow set-aside 
Transport 140 (17) 8(1 8(1 
Storage 227 (19) 11 (2 12 (2 
Extraction 760 (58) 34 (5 36 (15) 
Refining 59 (6) 4(1 4(1 
Transesterification 4274 (574) 296 (40) 302 (40) 
Plant construction and 172 (22) 71 7(1 
maintenance 
Distribution 136 (13) 8 (1 8 (1 
Totals 7750 (638) 437 (42) 702 (53) 


After Ref. [56]. 


Table 8 
Energy, carbon and GHG requirements of different road transport fuels. 


Carbon? GHG 
(kg CO2/MJ) (kg CO2 eq/MJ) 


Fuel Energy? 
(MJ/MJ) 


Rape biodiesel 


Conventional 0.43 (2) 0.024 (1) 0.040 (2) 

Modified 0.20 (2) 0.011 (1) 0.019 (1) 
Low sulphur diesel 1.13 0.078 0.085 
Ultra-low sulphur diesel 1.17 0.081 0.088 
Compressed natural gas 1.14 0.056 0.058 


After Ref. [56]. 
* Per gross calorific value of the fuel. 


transesterification. The effects of nitrogen fertiliser application rates 
and yield are linked. In particular, Table 9 shows that the single 
largest contribution to rape biodiesel production in terms of primary 
energy inputs and CO, emissions is associated with the transester- 
ification process (especially as a result of methanol consumption), 
followed by manufacture and use of N fertiliser. The order is 
reversed for GHG emissions. Tailpipe emissions of CO, from vehicles 
using biodiesel are balanced by CO2 absorbed during cultivation of 
the oilseed rape crop. 

The assumed rapeseed yield, energy and GHG requirements of 
nitrogen fertiliser have a most pronounced influence on the 
results. A 15% reduction in yield to 2.6 t/ha/yr [105] produces a 
6% increase in energy and carbon requirements of biodiesel; on 
the other hand, a yield increase to 4.08 t/ha/yr, or 33% above 
average UK value [98], reduces the energy and carbon require- 
ments of biodiesel by about 15%. 

As expected, the production of biodiesel uses less primary energy 
than that in the manufacture of conventional road transport fuels 
derived from fossil fuels. Table 8 shows that the total primary 
energy required for the conventional production of biodiesel from 
rapeseed is almost 63% lower than that needed for ultra-low sulphur 
diesel (ULSD). Even larger reductions, of about 83%, can be achieved 
by modified biodiesel production. 

Biodiesel production from oilseed rape provided by a regional 
supply chain in North East England, based on local crops (4 t/ha/ 
yr) supplying a seed processing facility, transesterification and 
finished blending facility (pipeline connected), was evaluated 
taking into account significantly different options for use of rape 
meal recovered during solvent extraction, namely as animal feed 
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Table 9 


Relative contributions (%) to the primary energy input, CO2 and GHG emissions from different activities for conventional and modified production of biodiesel from oilseed 


rape in the United Kingdom. 


Activity Primary energy input (MJ/t BD) CO, output (kg CO, eq/t BD) GHG output (kg CO» eq/t BD) 
Conventional Modified Conventional Modified Conventional Modified 

Transesterification 35 55 40 67 25 43 

N fertiliser 24 22 20 16° 51 47+" 

Solvent extraction 19 10 12 8 8 5 

Cultivation 11° 37 10° - 6° - 

Others? 11 10 18 9 10 5 


After Ref. [56]. 
* Corrected for credit. 


P Refining, drying, storage, transport, construction and maintenance, distribution. 


€ Includes cultivation. 


Table 10 
Primary energy inputs and GHG emissions for production of biodiesel from oilseed 
rape in North East England with different options for rapemeal use. 


Table 11 
LCA results for the production of rape biodiesel in the UK at both large and small 
scales. 


Use of Energy Net GHG Net GHG 

rapemeal requirement savings of emissions savings* 
primary 
energy* 

(MJ/t BD) (MJ/ (%) (kg CO2 eq/t (kg CO2 eq/ (%) 

MJ) BD) MJ) 

Animal feed 20,182 (978) 0.72 57 2004 (81) 0.033 38 

Co-firing 1551 (1111) 1.22 97 1398 (103) 0.049 57 


After Ref. [89]. 
* Relative to ULSD. 


(with price allocation) or for co-firing to generate electricity (with 
partitioning through substitution) [89]. Rape straw was regarded 
as waste. Table 10 shows the importance of the assumed use of 
rape meal as a by-product from biodiesel production. Co-firing of 
rape meal reduces considerably the estimated primary energy 
impacts and GHG emissions relative to its use as animal feed. 
Fertiliser application rates can be optimised to deliver yield benefits 
and, therefore, economic as well as environmental benefits. Max- 
imum net primary energy savings per unit land area occur at a 
nitrogen fertiliser application rate of 184 kg N/ha/yr, maximum net 
CO emissions savings at 230 kg N/ha/yr, and maximum total GHG 
emissions at 80 kg N/ha/yr. Comparison with the aforementioned 
conventional and modified production of rape biodiesel in the UK 
(Tables 6 and 7) is not straightforward given different assumptions 
regarding fertiliser application, NO emissions from soil, fossil 
energy consumption, recovery of rape straw, and allocations. 
Stephenson et al. [30] have compared large-scale ( > 100 kt/yr) 
and small-scale ( < 10 kt/yr) rape biodiesel production in the UK 
in terms of total energy consumption (TEC) and global warming 
potential (GWP). In both cases, minimum tillage in cultivation 
was practised, as usual in the UK. For the large-scale production 
limestone (CaCO3) was applied to most soils in order to maintain the 
appropriate pH. An average UK nitrogenous fertiliser rate of 211 kg 
N/ha was assumed, corresponding to 612 kg/ha ammonium nitrate. 
The average UK rapeseed yield was taken as 3.4 t/ha, where the seed 
contains 9 wt% moisture. Rape straw was ploughed back into the 
soil. For the small-scale biodiesel production only oilseed rape 
cultivated in East Anglia was used, where the agricultural procedure 
differs from usual UK practice because of highly fertile soils (chalky 
boulder clay). Nitrogenous fertiliser input was reduced to 160 kg N/ 
ha and the average oilseed rape yield of 3.6 t/ha was 5.9% higher 
than UK average. The small-scale processing system differs from the 


Activity Large scale Small scale 


Total energy GWP (kg Total energy GWP (kg 


(MJ/t BD) CO, eq/t BD) (MJ/t BD) CO, eq/t 
BD) 
Cultivation and 8389 1843 7508 1606 
harvesting 
Transport of 341 24 - - 
rapeseed 
Drying 286 22 528 36 
Storage 55 3 89 5 
Oil extraction 2973 169 1512 87 
Oil refining 923 53 - - 
Transport of oil 95 7 46 3 
Transesterification 7177 270 10,226 446 
Biodiesel storage 170 10 1 - 
Transport to 99 7 55 4 
blending site 
Transport to filling 97 7 111 8 
station 
Total 20,605 2415 20,076 2195 


After ref. [30]. 


large-scale in that drying, storage and crushing of the seeds occurred 
at the farm, rather than at a large-scale seed-crushing facility. Oil for 
large-scale production was extracted from the seeds by a separate 
solvent extraction/refining plant and transported to the biodiesel 
production plant by ship. Oil for small-scale production was 
extracted by cold pressing but not refined, and transported to the 
biodiesel production plant by road over 50 km. When biodiesel is 
produced on a large scale, the glycerine by-product is usually refined 
in an energy-intensive process and sold to the pharmaceutical 
industry. In small-scale plants, glycerine is usually treated as waste 
and sent to hazardous waste incinerators or sold on to refineries. 
Allocation of environmental burdens was based on market prices. 
Although the total energy requirements for large- and small- 
scale production are similar, 20,605 and 20,016 MJ/t BD, respec- 
tively, there are important differences between stages (Table 11). 
Large-scale oil extraction and biodiesel production utilises sig- 
nificantly more water (2800 kg/t BD) than small-scale (600 kg/t 
BD). This is because small-scale extraction does not require water, 
but large-scale solvent extraction and refining requires water for 
the removal of phospholipids from the oil. Small-scale production 
of biodiesel in East Anglia saves 57% of energy input when 
compared to ULSD. Biodiesel produced on a large-scale saves 
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0.71 MJ/MJ of energy content, corresponding to 56% (cfr. 57% for 
large-scale biodiesel production in Ref. [89]). 

Table 11 indicates that from the point of view of energy 
requirements, scale may have an influence, depending on whether 
or not small-scale producers are able to recover fully the unused 
methanol. If full methanol recovery is practicable, the scale of the 
process has limited impact on the energy requirement. Scale is not 
important for GWP as the impact from agriculture outweighs all 
other factors. Small-scale production of biodiesel in the UK emits 
2195 kg CO, eq/t BD, saving 32% of GWP compared to ULSD. 
As shown in Table 11, GWP for small-scale production is about 
10% lower than for large-scale production but significantly higher 
than reported in some other studies (1300 kg CO2 eq/t BD [91] and 
2004 kg CO, eq/t BD [89]), owing to a higher burden resulting from 
cultivation and harvesting. This arises from different assumptions 
regarding N20 emissions from fallow set-aside soils and soils used to 
grow oilseed rape. Moreover, Mortimer et al. [89] omitted CO, 
emissions resulting from the application of limestone to acid soils. 
Biodiesel produced on a large-scale saves 0.022 kg CO, eq/MJ, 
corresponding to 26%, which is significantly lower than 38% 
reported by Mortimer et al. [89], again due to the aforementioned 
assumptions of higher field emissions. Transport involved in the 
various stages of manufacture (up to 260 km for large-scale plants) 
has little effect on GWP. 

By changing the agricultural method used to produce oilseed 
rape from East Anglian practices to UK average procedures, the 
energy requirement and GWP increase to 23,300 MJ/t BD (16% 
increase) and 2700 kg CO2 eq/t BD (22% increase), respectively. 
In that case, the large-scale production process has lower energy 
requirements (by 12%) and GWP (by 10%) than the small-scale 
production. By reducing the rate of application of N fertiliser from 
211 to 100 kg/ha, use of cold pressing for extraction of oil from 
rapeseed, and combustion of rape meal and glycerine in a 
combined heat and power (CHP) plant, the total energy require- 
ment would be reduced to almost -31,000 MJ/t BD and GWP to 
almost -750 kg CO, eq/t BD, corresponding to net energy and 
GWP savings from using biodiesel rather than ULSD of 170% and 
120%, respectively. 

Only 25-30% of the German biodiesel consumption comes from 
domestic feedstock; most of the imported feedstock comes from 
neighbouring countries. Left to market forces the German biodiesel 
production decreased from 2890 kt in 2007 to 2539 kt in 2009. 
Many LCA studies deal with various aspects of rape biodiesel in 
German conditions [34,35,67,90,91,101,102,106-108]. An early 
study [101] is mainly concerned with agricultural practices and 
the effect of the use of fertilisers on yield, primary energy input and 
emissions to the atmosphere for several biofuels including winter 
rapeseed. It was assumed that burning of oilseed rape straw would 
be commonplace so that this can be accounted as an energy credit. 
In a very thorough study Kaltschmitt et al. [102] have considered in 
particular the primary inputs of cultivation with a detailed deriva- 
tion of the energy requirement for producing ammonia, calcium 
ammonium nitrate (CAN) and urea, resulting in a carbon require- 
ment as low as 2.468 kg CO2/kg N. Burning of rape meal results in 
the highest energy and emission savings. Various allocation proce- 
dures were evaluated. For cultivation a reference system of perma- 
nent or rotational fallow set-aside with occasional mowing was 
assumed. In Germany it is practically only possible to cultivate 
bioenergy crops on set-aside areas. Total primary energy input for 
biodiesel production amounted to 11.43 MJ/kg RME. Kaltschmitt 
et al. [91] have described RME production from winter rapeseed 
grown on rotational fallow, using allocation according to energy 
content of the coupled products. For the WTW life cycle RME shows 
a favourable energy balance as compared to fossil diesel (—30.9 GJ/ 
ha/yr), favourable GWP (-2158 kg CO» eq/ha/yr), but unfavourable 
NOx (+1582 g/ha/yr). The SO2 balance reveals advantages compared 


with fossil fuel. Also the particulates are favourable. If we assume an 
additional utilisation of the rape straw for RME production, then the 
energy balance changes to even more favourable values. 

More recently, Gartner et al. [34] have refined the LCA of RME 
by considering more explicitly the impacts on LCA of the preced- 
ing crop effect, nitrous oxide emissions, production of honey and 
its co-products (beeswax, pollen, propolis and royal jelly) and 
rapeseed meal fermentation (Fig. 2). 


- Preceding crop effect: In most LCAs of agricultural products 
fertilisation is particularly relevant. The value of the preceding 
crop comprises the soil improving properties of the crop (e.g. the 
fertilising effect of the residues remaining on the field, such as 
straw, roots and empty pods), serving as a nutrient source for the 
subsequent crop. This effect is particularly relevant for rapeseed 
plants. Crop rotation-specific nutrient conditions should be 
considered. An average preceding crop effect of 32.5 kg N/ha is 
often assumed for rapeseed [54]. Rapeseed positively affects the 
yield potential of subsequent crops. 

- Nitrous oxide emissions: The release of nitrous oxide (N20) from 
soils is caused by microbial activity. The emission depends on 
various factors. By taking into account NO emissions from 
rotational set-aside land (on the basis of 50% of the fertiliser- 
induced emissions according to IPCC) the GHG savings by RME 
are higher than previously assumed in most LCAs, while the 
additional nitrous oxide emission turns out to be smaller. 

- Production of honey and co-products: Honey and its co-products 
only marginally affect the LCA results of RME. 

- Biogas generation from rapeseed meal: Instead of using rapeseed 
meal as animal feed (which is currently the most common 
use), it can also be fermented in a biogas plant and subse- 
quently used in energy generation. In terms of energy savings 
and GHG effect direct combustion of rapeseed meal is more 
favourable than fermentation to yield biogas, which in turn is 
more favourable than the use of rapeseed meal as animal feed. 
Environmental advantages are recorded for greenhouse effect, 
disadvantages for acidification and nutrient impacts. With 
regard to ozone depletion biogas generation has an additional 
advantage in comparison with the animal feed option. The 
potential fermentation of rapeseed meal markedly extends the 
life cycle of RME. Supplementary consideration of the produc- 
tion of honey and its co-products from the rapeseed fields as 
well as the preceding crop effect of rapeseed do not entail 
significant changes to the LCA results. 

An LCA inventory of rape biodiesel, as shown in Table 12 for 
energy expenditures, COz eq and NOx emissions, shows that RME 
has significantly better energy efficiency and less CO2 output than 
conventional diesel fuel; however, the latter has a better NOx 
balance [90]. The preservation of fossil energy sources and the 
greenhouse effect have the greatest political significance in 
Europa. RME causes more emissions in the impact categories of 
acidification and eutrophication compared with conventional 
diesel fuel, whereas no clear result is obtained concerning smog, 
ozone depletion and human- and eco-toxcity. 

Rathke et al. [35] have determined the energy balance of 
winter oilseed rape (OSR) cropping as related to nitrogen supply 
(CAN or cattle manure slurry, from O to 240kg N/ha/yr) 
and preceding crop considering two crop rotation systems, 
namely winter barley-winter OSR-winter wheat and pea-winter 
OSR-winter wheat. Not unexpectedly, different N management 
strategies strongly influence the energy balance of winter oilseed 
rape. Under identical site conditions, the input of energy to winter 
OSR was highly variable ranging from 7.42 GJ/ha (for unfertilised 
OSR following winter barley) to 16.1 GJ/ha (for 240 kg N/ha 
organic fertilisation of OSR following winter barley). The lowest 
energy output (174 GjJ/ha), ie. energy from seed and straw of 
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Fig. 2. Life cycles ‘from cradle-to-grave’ for fossil diesel fuel and rape biodiesel (RME). After Ref. [34]. 


Table 12 
Energetic expenditures (finite energy) and selected emissions (CO eq, NOx) for 
biodiesel from rapeseed and diesel fuel.* 


Activity Calculated final energy CO2 eq NOx 
demand (MJ/kg) (g/kg) (g/kg) 
Rape biodiesel 
Cultivation 11.36 2043 4474 
Industrial 13.49 893 1219 
Energetic use 0.22 233 10,348 
Credits RME -31.61 -1971 -4998 
Diesel fuel 
Industrial 4.82 374 649 
Use 42.96 3392 10,190 
RME minus diesel fuel -54.32 -2569 204 


After Ref. [90]. 
* All values refer to 1 kg diesel fuel, i.e. 1 kg diesel fuel eq of RME. 


winter OSR, resulted when OSR receiving 80 kg N/ha as organic 
fertilisers followed winter barley. The energy output increased to 
262 GJ/ha for winter OSR receiving 240kg N/ha as mineral 
fertiliser followed pea. Under the given conditions, the positive 
effects of the previous crop pea and mineral N fertiliser could not 
be compensated by winter barley as a previous crop and organic 
fertiliser. The most favourable N rate for maximising energy gain 
or net energy output (250 GJ/ha) was 240 kg N/ha, while that 
needed for minimum energy intensity (energy input per unit 
grain equivalent GE) of 91.3 MJ/GE was 80kg N/ha, and for 
maximising output/input ratio (29.8) was 0 kg N/ha. 

French rapeseed is grown all over the country (except in the 
South) in rotation with wheat in conditions of non-irrigation. Using 
170 kg N/ha (AN, ammonium sulphate) and pesticides (3.7 kg a.i./ha) 
a yield of 3.34t/ha is obtained (2002), up to 3.64t/ha by 2009 


Table 13 
Energy balance and greenhouse gas emissions for French rapeseed. 


Product Yield Energy input EROI GHG emissions 
(t/ha) (MJ/kg) (g CO2 eq/MJ) 
RSO 3.34 7.95 4.7 17.8 
RME? 12.5 3.0 20.2°/23.7° 
RSO 3.64 7.30 5.1 16.2 
RME 11.30° 3.34 17.6°-4/21.0%° 
2.8° 


After Ref. [33]. 


* Homogeneous transesterification. 
> Before combustion. 

© After combustion. 

4 Biodiesel purification by washing. 
€ Heterogeneous transesterification. 


(forecast). Oil content is 46% (on dry weight basis). The results of an 
LCA with system expansion for the agricultural stage (straw not 
considered) and mass allocation for the industrial stage are sum- 
marised in Table 13. The fossil energy input for RSO is 19.0 GJ/ha or 
7.95 MJ/kg (78% cultivation, 15% pressing); the energy balance is 
4.7 MJ/MJ [33]. GHG emissions for RSO amount to 600 g CO, eq/kg 
RSO or 17.8 g CO eq/MJ RSO. The fossil energy input for RME 
(homogeneous transesterification) is 12.5 MJ/kg with the following 
contributions: agriculture 45%; oil pressing 8%; refining 2%; metha- 
nol production 26%; transesterification 16%; storage/transport/dis- 
tribution 3%. The energy balance of homogeneous RME is 3.0 MJ/MJ. 
GHG emissions for RME amount to 755 g CO, eq/kg RME or 20.2 g 
CO, eq/MJ RME. Improvement in the industrial stage (transesterifica- 
tion) may be achieved by energy demanding ester purification by 
distillation, low energy-demanding ester purification by washing 
(yields low glycerine quality) or by heterogeneous catalytic transes- 
terification (high energy-demanding process; yields high-purity 
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glycerol) [95]; cfr. also Section 7. The effects on energy balance and 
GHG emissions of some of these technological improvements are 
indicated in Table 13. Heterogeneous transesterification (IFP) leads to 
a decrease in energy performance of the transesterification stage of 
72% and a decrease in EROI to 2.8 MJ/MJ. 

Also in Belgian (Western European) conditions the ecobalance of 
winter rapeseed biodiesel indicates that the agricultural part of the 
life cycle contributes more than 50% to most impact categories. 
Production and transportation of fertilisers heavily determine the 
contribution to this agricultural part. Crop growing and field work 
primarily contribute to the energy-related impact categories acid- 
ification (35%) and eutrophication (65%). As to the industrial part of 
the biodiesel chain, the transesterification process is a dominant 
contributor to the impact categories fossil fuel requirement (CED), 
water footprint (WF) and photochemical oxidants (POCP, > 60%). 
Extraction of the oil has much less impact. Use of biodiesel in a 
conventional diesel engine is the primary contribution to the energy- 
related impact categories and contributes more than 40% to acid- 
ification caused by NOx emission during combustion. Fig. 3 compares 
the environmental profiles of rape biodiesel and petrodiesel. The 
biodiesel life-cycle has a better effect score only for the use of fossil 
fuels and the greenhouse effect. The better ecobalance for the GHG 
effect is partly due to the fact that rapeseed assimilates CO2 during 
plant growth. Fig. 3 also shows that biodiesel consumes more water 
and produces more waste during its life cycle [93]. 

The environmental profiles - which do not have a common 
denominator - can be expressed as one environmental index via 
normalisation using eco-indicators. It then appears that fossil 
diesel is favoured over rape biodiesel in Belgium [92]. However, 
calculating environmental indexes requires the use of weighing 
factors which represent the relative seriousness of the impact 
category considered. These are highly subjective, can differ largely 
from country to country, and are subject to political views. 

De Nocker et al. [93] have also applied an external cost 
methodology based on the ExternE (Externalities of Energy) 
approach [109] for comparison of rape biodiesel and petrodiesel. 
This analysis estimates the damages to public health, materials, 
agriculture and global warming (social costs). The external cost 
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analysis indicates the importance of emissions of particles in the 
use phase of both fuels, as well as the public health impact from 
NOx (via nitrates). External cost analysis shows that site and 
technology specificity needs to be taken into account, as the 
damages from particle emissions in the use phase (diesel trans- 
port) are much higher compared to emissions in other stages. The 
impacts of emissions of particles, which originate for 90% from 
use, depend very much on the population density near roads. For 
global warming site specificity is obviously not an issue. External 
costs are high for both biodiesel and fossil diesel but more 
favourable (5-20%) for the former [93]. However, in terms of 
total costs (production costs+external environmental damage 
cost) fossil diesel scores better. 

LCA and external cost methodology are complementary and lead 
to different insights. LCA identifies potential impacts, whereas the 
external cost analysis aims at quantifying real impacts. It is useful to 
use both methods. Application of both approaches indicates that 
although biodiesel offers advantages in terms of GHG emissions, it 
has similar or higher impacts on public health and the environment. 
As our appreciation and scientific understanding of the impact 
changes, these methodologies require regular updating. Another 
problem is the fact that not all emissions can be attributed to a 
specific country or even continent. 

Switzerland faces the choice between use of scarce arable land 
for food production and import of fuels or production of fuels from 
oilcrops and import of displaced food. Reinhard et al. [82] have used 
consequential LCA (CLCA) to quantify the direct and indirect 
environmental impacts of increased domestic production of RME 
(for substitution of 1% of the annual Swiss diesel consumption) by 
replacing edible rape oil, assuming that the displaced product is 
compensated for by increasing imports of a functionally equivalent 
product, ie. European rape or sunflower oil or palm oil from 
Malaysia (replacement by soy oil from Brazil was not evaluated). 
The increased use of rape oil for RME production in Switzerland thus 
causes an additional production of vegetable oils on the world 
market. This has a negative influence on many environmental 
impact factors. Increased production of vegetable oils elsewhere 
causes also an indirect availability of meal on the global market. 
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Fig. 3. Comparison of the environmental profiles of winter rape biodiesel and diesel. After Ref. [93]. 
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Displacing food production by RME production in Switzerland can 
locally reduce total GHG emissions when GHG-intense soy meal 
from Brazil is substituted by rape and sunflower meal, which is a co- 
product of the vegetable oil production [82]. Additional domestic 
production of RME also leads to an increase in glycerine. In total, 
RME production in Switzerland is attributed with the environmental 
burdens inherent to the additional production of palm oil and 
credited with burdens stemming from avoided soybean meal 
production. The environmental burdens were compared by means 
of CML indicators, land-use and the Swiss method of ecological 
scarcity (Environmental Impact Points, UBP 06) [110,111], which 
reflects the total effects to the environment. 

As regards rape and sunflower oil, the main impacts stem from 
the agricultural production itself. With regard to palm oil, the CO 
emissions from land-use change (LUC) dominate the results, in 
particular the devastation of rain forest on peat land. The addi- 
tional production of palm oil in Malaysia causes the highest 
emissions (345 g CO2 eq/MJ) primarily due to the considered 
LUCs which cause about 90% of the emissions. If these emissions 
can be avoided, as for plantations grown on marginal land, the net 
impacts related to palm oil production decrease significantly. The 
net GHG emissions of palm oil imports to Switzerland are 
significantly higher than for rape or sunflower oil (329 compared 
to 58 and 74g CO, eq, respectively). The results of other 
environmental indicators show a mixed pattern (Table 14). 
In general, the highest impacts for most categories are caused 
by substitution by import of rape (R) oil. Anyway, all three oil 
impact scenarios of Table 14 lead to higher total environmental 
impacts than the production and use of fossil fuels. 

Alternatively, increased RME production in Switzerland can 
also be met by displacement of feed barley. Less Swiss barley and 
straw is to be compensated by import of these commodities 
either from Europe (by agricultural intensification or expansion) 
or from Canada (area expansion). Only increased agricultural 
production by intensification leads to lower GHG emissions and 
lower overall environmental impacts than the fossil reference. 


Table 14 


High-yield agriculture shows global warming [112]. The paper by 
Reinhard et al. [82] shows the strong interdependence of global 
replacement options. The impacts of an increased RME produc- 
tion in Switzerland depend more on the environmental scores of 
the replacement products on a global scale than on local production 
factors. Given the constraints on European agriculture characterised 
by an overall slightly decreasing area [113] and a diminishing rate of 
increase in yield [114] long-term options for crops/oil are most 
likely to be extra-European (with greater GWP and total environ- 
mental impact). Therefore, it seems best to focus production of 
biodiesel on feedstocks that are decoupled from the global food and 
feed markets, such as use of non-edible energy crops that grow 
specifically on degraded land. This conforms to the conclusion 
expressed in the Gallagher Review [8]. 

A recent energy comparison for rape, sunflower and soybean in 
European agricultural systems has shown considerable margin for 
improvement in many areas with low yields. The main output data 
for rapeseed and rape oil (mainly from North-Central Europe) 
denote a wide regional variability (Table 15). Also crop input data 
(Table 16) show considerable variability. Table 17 shows a break- 
down of field inputs, where the most relevant contributions are 
fuel and nitrogen (fertilisers). Fuel use is particularly high in 
sloping areas or in difficult soil conditions. Table 18 shows that 
the energy balance (both in terms of net gain and ratio) is always 
favourable for rapeseed. However, the balance gets worse for its 
methyl esters (Table 19), both with and without allocation for co- 
products. Crop input can be diminished by reduction or by 
rationalisation of technical tools. Use of high capacity machines, 
which achieve considerable reduction of time per unit area, may 
reduce crop input while maintaining high yields. Although energy 
gains are possible by technical rationalisation, this does not 
guarantee a positive economic result. In fact, it is necessary to 
strike a balance between energy and economic aspects by operat- 
ing in such a way that output is significantly higher than 15-20 GJ/ 
ha for rapeseed, while finding technical means to reduce input 
costs without significantly affecting yield. 


Impact assessment of low-sulphur diesel, attributional RME and RME at the expense of available rape oil.* 


Impact indicator Unit Diesel 
Abiotic depletion (SB eq) mg MJ~! 566 
Acidification (SO2 eq) mg MJ~! 226 
Eutrophication (PO, eq) mg MJ~! 41 
GWP (100 CO; eq) gMy-! 89 
Ozone depletion (CFC-11 eq) mg MJ~! 1.3E—02 
Human toxicity (1.4-DCB eq) gM"! 9 
Terrestrial ecotoxicity (1.4-DCB eq) mg MJ~! 84 
Photochemical oxidation (C2H4 eq) mg MJ~! 14 
Land-use dm? Mj-! 0.0035 
Ep? - 88 


RME RME-R RME-S RME-P 
235 295 189 115 
488 483 227 272 
361 272 1119 167 

62 58 74 329 
3.5E—0.3 —6.6E—0.3 —7.8E—0.3 —9.5E—0.3 
19 40 17 14 
46,645 184,851 11,953 46,103 
5 11 10 45 

17 5 48 6 

214 307 410 192 


After Ref. [82]. 


* Substituted by import rape (R) oil, sunflower (S) oil and palm (P) oil. 
> Environmental Impact Point (Swiss ecological scarcity method [110]). 


Table 15 
Rapeseed: seed, oil and energy production. 


Grains Oil? 


Specific energy” 


Energy output range 


Yield range (t/ha)? 
Content range (%) Yield range (t/ha) 


0.7-3.4 35-40 


Grain (MJ/kg) 


0.3-1.4 24.0 


Oil (MJ/kg) Grain (GJ/ha) Oil (GJ/ha) Meal (GJ/ha) 


37.4 16.8-81.6 11.2-52.3 5.6-29.3 


After Ref. [60]. 


a Min. and max. values for European countries (FAO data, average 5 years 1996-2000). 


> Average data. 
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Table 16 
Field phase inputs for rapeseed cultivation. 
Fuel Fertilisers Pesticides Others? Total 
(GJ/ha) (%) (GJ/ha) (%) (GJ/ha) (%) (GJ/ha) (%) (GJ/ha) 
5.0-19.0° 38.5-51.4 5.6-11.9 43.1-32.2 0.2-0.9 1.5-2.4 2.2-5.2 16.9-14.0 13-37 
After Ref. [60]. 
a Hilly areas. 
P Seeds, machineries. 
Table 17 Table 20 


Energy requirements for field phase of rapeseed cultivation. 


Field action Energy requirements (GJ/ha) 
Tillage 3.5-14.4 

Sowing 0.5-1.4 

Fertilisation 5.6-13.8 

Weed and pest control 0.8-1.9 

Harvesting 2.6-5.5 

Total 13.0-37.0 


After Ref. [60]. 


Table 18 
Rapeseed: inputs and energy balance for production phase. 


Production phase 
input range (GJ/ha) 


Energy balance range 


Ratio output-input Gain output-input 


(GJ/ha) 


13-37 1.38-2.21 3.8-44.6 


After Ref. [60]. 


Table 19 
Rapeseed methyl ester: oil energy balance range. 


Ratio output-input Gain output-input (GJ/ha) 


Without allocation With allocation Without allocation With allocation 


0.7-1.0 1.0-1.5 -4.7-1.0 0.4-24.0 


After Ref. [60]. 


5.2. Nordic conditions 


Bernesson et al. [52] have focused on the industrial scale effect of 
RME biodiesel plants in Central Sweden. Scales considered (in terms 
of area serviced, nameplate capacity and transport distances) were as 
follows: small (40 ha, 44 t/yr, nihil), medium (1 kha, 1.1 kt/yr, 7 km) 
and large (55 kt/yr, 50 kha, 110 km). Small-scale systems are of 
interest because of simple and less expensive process technologies 
and benefits to rural employment. Large-scale systems allow more 
economical operation. Small-scale production minimises transport of 
rapeseed to the production plant and of products (RME and meal) to 
the consumer. In small-scale plants rapeseed oil is extracted 
mechanically. In large plants, extraction takes place in two steps, 
pressing and hexane extraction, resulting in higher oil yields. The 
higher extraction efficiency and use of machinery and infrastructure 
in the large-scale systems is outweighed by the longer transport 
distances. For the medium-scale system, the same operations were 
used as for the large scale, except for hexane extraction. Cultivation, 
production of methanol and catalyst (KOH) were identical for all 
scales. 


Comparison of different allocation methods for three RME production scales in 
Swedish conditions. 


Allocation GWP (g CO2 AP (mg SO2 Input energy 
eq/MJ fuel) eq/MJ fuel) (kJ/MJ fuel) 
None 87.6/79.5/61.9° 519/471/366 569/497/407 
Physical? 40.3/39.5/40.2 236/232/236 295/277/284 
Economic 51.1/49.1/45.8 301/289/270 355/327/313 
Expanded 34,5/32.1/30.9 19/46/161 -367/-342/-147 


After Ref. [52]. 


* Small-/medium-/large-scale. 
P Physical allocation after energy content. 


The total energy required for cultivation of winter rapeseed 
and the environmental outputs were 11.8 GJ/ha and 2405 kg CO2 
eq/ha, with a total energy content of rapeseed of 63.9 GJ/ha; the 
energy ratio is 5.4. The energy requirements for the various RME 
production stages were as follows: agricultural production, 65%; 
methanol production, 12%; extraction, 10%; transesterification, 
11%; embodied energy (machines, buildings), 1.4%. For large-scale 
plants, the energy requirement for transport (in absolute terms) 
increases by a factor of almost 20 in comparison to small-scale 
plants. In relative terms the change is rather small in relation to 
the total energy requirement of the production system. All 
process energy was assumed to be electricity. Average Swedish 
energy production is based on hydropower (48%), nuclear power 
(44%), fossil fuels (4%) and biofuels (3%). 

For comparison of different biodiesels and production strate- 
gies it is crucial to refer to results obtained with the same 
allocations and system limitations. Energy requirements and 
environmental burdens are greatly dependent on the allocation 
between RME and co-products (meal, glycerine), as shown in 
Table 20. Without allocation, all energy used and emissions are 
solely burdened by RME. For small plants and physical allocation, 
GWP was 40.3 g CO eq/MJ fuel and the energy requirement 
295 kJ/MJ fuel. In the expanded allocation mode rapeseed pro- 
duced in the large-scale plant could replace (overseas) soymeal, 
and so that the rapemeal with high oil content produced in the 
medium- and small-scale plants could replace soymeal mixed 
with soyoil. Negative values for the energy requirement indicate 
that the system was a net supplier of energy. This was possible 
because the energy subtracted for replaced by-products (in the 
expanded allocation mode) exceeded the total energy needed for 
production of RME. The results are similar to those by Gartner 
et al. [106,107] for small-scale RME production in German 
conditions using expanded system allocation. 

Differences in environmental impacts (GWP, AP, EP, POCP) and 
energy requirement between the systems were small to negligi- 
ble, not unlike findings for different production scales in UK 
conditions (economic allocation mode) [30]. The dominating 
production step regarding environmental impact and energy 
requirements is cultivation and this step is identical for all 
production scales. For the small-scale system the environmental 
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impact from rapeseed production accounted for 95% of the total 
impact for all emission categories. Production of methanol was 
responsible for 0.7-2.5% of the environmental impacts, whereas 
electricity was responsible for a few percent. At equal environ- 
mental load, larger plants are to be preferred as production costs 
are reduced by 36% and 50% for medium- to large-scale produc- 
tion, respectively. 

To decrease the environmental impact of RME production, 
several options are available. Increased seed harvest (constrained 
by biological factors and weather conditions) and decreased use 
of synthetic fertilisers decrease the impact considerably. Organic 
waste and sewage water can be used to fulfil the nutrient 
demands with a very limited energy cost, thereby also avoiding 
high costs for cleaning plants. Waste products normally not 
allowed in agriculture can be used for non-food rapeseed. How- 
ever, organic waste and sewage water may contain heavy metals, 
pesticide residues and other undesired organic substances. 

Production and use of RME reduce GWP and POCP in comparison 
to diesel oil (MK1), namely from 217 to 127 g CO3 eq/MJengine, and 
from 68 to 23mg C2H4 eq/MJengine, respectively. However, the 
categories of AP and EP increase by 79% and 81%, respectively, in 
comparison to MK1. The energy requirement for the production and 
use of RME was 4.8 times higher than for MK1. 

Schmidt [64] has presented a comparative LCA of the environ- 
mental impacts associated with the local vs. global supply of 
vegetable oil (Danish rapeseed as a good representative of EU 
rapeseed, and palm oil from the IndoMalay region) to the 
European market. Palm oil and rapeseed oil are substitutable 
products for most food purposes. It has been assumed that 40% of 
the increase in Danish rapeseed production is met by local 
increased yields, and 60% by increased area which displaces 
spring barley, as in Switzerland [82]. Using the consequential 
approach to system delimitation (CLCA) [115], co-product alloca- 
tion was avoided by the system expansion. It is not possible to 
give a straight answer as to which oil is the environmentally 
preferable. It depends on how increased production is achieved 
(area or yield), and on uncertainties related to transportation 
impacts. The impacts on biodiversity are uncertain and very 
sensitive to the boundary settings and assumptions on ecosystem 
vulnerability in the LCIA method. For equal ecosystem vulner- 
ability for all regions, rapeseed oil would have a smaller impact 
on biodiversity than palm oil [64]. Palm oil is environmentally 
preferable to rapeseed oil for the impact categories ozone deple- 
tion (ODP), acidification (AP), eutrophication (EP), photochemical 
smog (PS), and land-use (LU), whilst the differences for global 
warming (GWP), biodiversity (BD) and ecotoxicity (ET) are less 
clear. The difference in the contribution to global warming from 
rapeseed and palm oil is limited if increased production is 
achieved by a change in cultivated area and if increased rapeseed 
cultivation is achieved locally. The most significant process 
contributing to global warming from RSO is rapeseed cultivation. 
The use of straw as a biofuel in Danish vegetable oilcrop cultiva- 
tion practices leads to a higher contribution to global warming. 
For global warming, palm oil is preferable to rapeseed oil if 
increased productivity is achieved by increased yield. Signifi- 
cantly higher contributions to global warming can be expected 
in higher rapeseed yield scenarios. This is due to the fact that the 
level of fertiliser application is already very high, and therefore, 
the crop response to additional fertiliser is relatively low. More- 
over, use of fertilisers in the EU is regulated by maximum N 
norms [41,42,116]. Instead of additional application of fertiliser, 
another way of increasing yields in the EU is through biotechnol- 
ogy (but highly controversial in many EU countries). Local 
expansions of cultivated area on set-aside area are preferable to 
displacement of crops which are compensated for by increased 
agricultural production abroad. This only allows small increases 


in production in most European countries. Full press technology 
in the oil mill is preferable to solvent extraction. 

At the 2004 levels of rapeseed productivity in Lithuania (1.8 t/ 
ha), and without implementing energy-saving technologies in 
agricultural and industrial processing, the energy obtained from 
RME is almost equal to that used for its production. The energy 
ratio (biodiesel fuel energy vs. total energy used for production) of 
1.04 is substantially lower than the EU average energy ratio of 1.9 
[117] despite the fact that the Lithuanian energy mix is rather 
favourable (including 80-85% nuclear energy and 2.5% hydro- 
energy). Energy accumulated in fertilisers makes up more than 
58% of the total energy consumption in agriculture in Lithuania 
[59]. Using biofertilisers and advanced seed preservation technology 
reduces the total energy consumption of 18,591 MJ/ha with as much 
as 8937 MJ/ha or 48%. Upon the implementation of several agro- 
technological innovations (usage of biofertilisers, improved seed 
preservation) with a rapeseed productivity of 3 t/ha and energy- 
saving biodiesel fuel production methods (biotechnological oil 
extraction and high-productivity transesterification) the energy ratio 
for REE would be higher than for RME and exceed European average 
(RME based) [59]. The resulting better energetic performance of REE 
as compared to RME is somewhat surprising if one considers the 
considerably higher energy consumption of ethanolysis (cfr. 
Table 26). Nevertheless, this work shows the potential opportunities 
to improve the life cycle energy efficiency, in particular as to the 
agricultural stage. Ethanolysis was also evaluated by Harding et al. 
[88], cfr. Section 5.7. 


5.3. Southern European conditions 


Also Italy - like many other European countries - faces the 
issue of using scarce arable land for food production and import- 
ing biodiesel or to produce biodiesel from domestic vegetable 
oilcrops and import food. Russi has questioned the desirability of 
large-scale consumption of biodiesel in Italy (or 3.2 Mt/yr, being 
the 5.75% by energy transport target 2010 according to European 
Directive 2003/30/EC), taking into account social, environmental 
and economic factors [11]. The Italian biodiesel production (2009) 
amounted to only 737 kt/yr (from 80% RSO, 20% SNO; partly 
imported) with an oversized nameplate capacity (2010) of 
2375 kt/yr. Table 21 shows severe impacts of large-scale biodiesel 


Table 21 
Social and environmental impacts of large-scale biodiesel production in Italy. 


Domestic production 


+ Local rural development 

+ Modest energy savings (locally) 

+ Minor reduction in GHG emissions 

+ Reduced urban pollution 

= Oilseed production from earmarked crops 

— Replacement of cereals and fodder plants 

= Land requirement (corrected for avoided land-use) 
— High production costs (intensive agriculture) 
= Eutrophication (fertilisers) 

— Huge increase in food imports 

— Decrease in fiscal energy revenues 

Biodiesel import 

+ No competition with food production 

+ No domestic land requirement 

+ Reduction in energy dependency 

+ Major reduction in GHG emissions 

+ Reduced urban pollution 

= Environmental impacts (elsewhere) 

— No benefit to domestic rural sector 

— Decrease in fiscal energy revenues 


+, Advantage. —, Disadvantage. 
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consumption in Italy, both in case of domestic production and for 
imports (of RSO from E. European abandoned land). For a 3.2 Mt 
biodiesel requirement approximately 3.7 Mha land is needed, 
which can simply not be made available in this densely populated 
country (191 pp/km?) with much uneven agricultural land; Italian 
set-aside land amounted to only 0.3 Mha in 2005. The reduction 
in energy dependency would only be about 2%. As a result, a plea 
was made for an alternative strategy, namely supporting organic 
agriculture for food production instead of subsidising biodiesel. 
This could also help counteracting the present severe soil erosion 
of many abandoned Italian agricultural areas. However, there is 
still the necessity to solve Italy’s present and future needs for 
liquid fuels. While domestic energy farming in Italy can only 
make limited contributions to biofuel manufacture, in the long 
term the countries’ chronical addiction to fossil fuels is no longer 
sustainable. Specifically, at short term Italy is best served by a less 
wasteful attitude of its citizens (energy saving), in the medium to 
long term by investing public resources in a more renewable and 
less expensive energy mix. 

Several studies have demonstrated the feasibility of using Ethio- 
pian mustard (B. carinata) oil for producing biodiesel [39,118,119]. 
The B. carinata system cultivated in Southern Europe is energetically 
efficient. Gasol et al. [120] have evaluated the energy balance and 
environmental impacts of this crop in Spain. The total primary 
energy consumption of the B. carinata cropping system has been 
estimated at 10.26 GJ/ha, with 76% on account of the agricultural 
production and 24% for the transport phase [120]. Studies of this 
same crop in Italy have reported values between 9.91 and 19.27 GJ/ 
ha depending on the intensity of the cultivation [39]. This difference 
is mainly on account of a 32% lower fertiliser dose in Spanish 
agricultural conditions. The contribution of the B. carinata cropping 
system to the global warming is 12.7 g CO; eq./MJ biomass produced. 
In Spanish conditions, the use of fertilisers represents 51% to 68% of 
the impact in six of the ten environmental categories considered 
(GWP, FAETP, MAETP, TETP, AP, EP), whereas the second most 
important impact is fossil fuel use by tractors and transport vehicles, 
which represents 48% to 77% in the impact categories HTP, ODP, 
ADP and POCP. The energetic and environmental performance of 
B. carinata [39,120] can be improved by use of biofertilisers. 

Agronomic aspects of B. carinata and B. napus were compared 
in Italian conditions [39]. B. carinata has the capability to optimise 
the energy used for the primary cultivation process. By shifting 
the B. carinata cropping system from high to low input the energy 
output/input ratio increases, as opposed to B. napus. The super- 
iority of B. carinata energetic yields in low input systems is also 
evidenced by the ratio between the agronomic input and the 
corresponding grain yield. The oil content of B. carinata seeds 
(33.0 wt%) is slightly lower than B. napus (38.9 wt%). The high 
level of glucosinolates (Gls) typical of B. carinata meal precludes 
its direct use as an animal feed, unless the glucosinolates are 
extracted. Allocations were not made. Glucosinolates are second- 
ary plant metabolites that occur in all Brassica-originated feeds 
and fodders. The Gls content is generally higher in rapeseed meal 
(RSM) varieties grown under tropical environment than those in 
temperate regions. Water extraction, heat and CuSO, treatments 
are suitable for glucosinolates detoxification [121]. 

A comparison of the performance of B. carinata oil-derived 
biodiesel with a commercial Italian biodiesel (Navaol, based on 
70% RSO and 30% SNO/SBO) and D-2 petrodiesel (ExxonMobil), 
conducted as regards engine performance and exhaust emissions, 
confirmed its suitability as a biofuel. As B. carinata biodiesel is 
characterised by high IV (128 g I2/hg) and high linolenic acid content 
(13 wt%) - exceeding EN 14214 specifications - it should be 
blended. B. carinata productivity under low input cropping condi- 
tions, associated with the performance of its derived biodiesel, quite 
similar to commercial biodiesel, makes it an interesting oilcrop. 


Further work is needed to improve grain yield and to valorise the 
by-products of the agronomic and industrial transformations. 

A comparative study of alternative transportation fuels in 
Greece only serves as a general input to the country’s future 
energy policy but does not permit to gain insight in local rape 
biodiesel production [81]. Distribution of biodiesel in Greece 
started in December 2005. Greek biodiesel production reached a 
level of 77 kt in 2009 (down from 107 kt in 2008) or approxi- 
mately half the EU 5.75% target of 2010. The main locally 
produced vegetable oils are sunflower, cottonseed and soybean 
oil. Raw materials for the Greek biodiesel industry with an 
excessive nameplate capacity of 662 kt (2010) are mainly rape- 
seed and soy seed oils (imported for 70%). 

In an LCA comparison of biodiesel from rapeseed, sunflower 
and soybean oil the origin of the data was not made clear; 
consequently, only generic conclusions can be derived [83]. 
In order to reduce the environmental impact of biodiesel the 
main attention should be focused on the agricultural oilcrop 
production stage. In terms of land-use (and consequent agro- 
chemicals application) rapeseed and soybean cultivation is to be 
preferred over sunflower for biodiesel production. 


5.4. North American conditions 


Canola cropping conditions are considered ideal in Western 
Canada. Biodiesel produced from Canadian canola is significantly 
different from European rapeseed biodiesel. Canadian canola 
production for conversion to biodiesel presents unique life attri- 
butes, including: 


e High rate of hybrid adoption (85% in 2009). 

e No need for pH adjustment through addition of lime due to the 
alkaline nature of most production soils (cfr. EU default value 
for lime of 6.1 kg/t rapeseed). 

e Energy efficient production system with low diesel fuel 
requirements and high adoption rate (75%) of low or no till 
agriculture. 

e Efficient nitrogen fertiliser production industry in Canada with 
a low application percentage of nitrate fertilisers. 

e Use of ammonium type fertilisers with lower GHG emissions 
profile. 

e Low N20 emissions in the primary canola production areas 
with low annual precipitation (dryland production). 


Ammonium nitrate (AN) and calcium ammonium nitrate 
(CAN) are the dominant types of nitrogen fertiliser in Europe 
with GHG emission intensity about double that of urea [122]. 
On the contrary, the low rate of use of AN and urea ammonium 
nitrate (UAN) fertiliser (49 kg N/t) in Canada reduces the GHG 
emissions of canola production compared to rapeseed production 
in Europe. Moreover, the Canadian fertiliser industry is reputed 
being the most efficient in the world [123]. The application rate of 
herbicides is declining as a result of herbicide-resistant canola 
[124]. In 2000 the application rate was 0.3 | active ingredient 
(a.i.)/ha for GM crops and 0.9 | a.i./ha for conventional seed. 
Energy consumption for canola cultivation is low. In Canadian 
conditions the transportation distances (mainly rail) are rather 
high (typically 2000 km). An LCA model was developed based on 
the system expansion process for allocation credits to by- 
products [37]. 

Canola seed is traditionally crushed and solvent extracted 
using refined hexane. Cooking serves to thermally rupture oil 
cells and adjusts the moisture of the flakes. In Canada the cooking 
cycle usually lasts 15-20 min. at 80-105 °C. In some countries, 
notably P.R. China, cooking temperatures of up to 120°C have 
traditionally been used. All of the Canadian canola crushing plants 
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use natural gas as their thermal energy source. Total canola 
crushing energy requirements are 2.75 GJ/t oil produced. Cana- 
dian production methods result in a crop with a good energy 
balance and low GHG emissions profile. The total energy balance 
for canola biodiesel of 4.434 J/J is slightly better than that for 
petroleum diesel (3.923 J/J). The biodiesel co-production system 
does not use a large amount of biofuels. The biodiesel co-product 
glycerine displaces a significant amount of electricity and when 
the fossil energy only is included, this co-product credit is lower. 
The net fossil energy ratios (which only consider the fossil energy 
consumed in the production process) are 3.933 J/J for biodiesel 
and 4.359 J/J for petrodiesel. 

The specific agronomic practices employed by Canadian canola 
producers have a significant impact on GHG emissions. Very little 
canola cropland is irrigated. Irrigation has a negative impact on 
the energy consumption and N20 emissions but a positive impact 
on crop yield. A significant portion of the GHG emissions asso- 
ciated with agriculture is related to the release of N20 resulting 
from the breakdown of nitrogen fertilisers and crop residues. The 
average carbon intensity of nitrogen fertiliser in Canada is 2.8 kg 
CO2 eq/kg N (cfr. 5.88 kg in EU LCA models). N20 emissions in 
Canada are 60-75% of European values. 

GHG emissions for the production of a fuel are informative but 
are biased in case of biofuels because by definition the biogenic 
CO- emissions are not counted for the production of a biofuel and 
thus the fossil fuel results in having significantly higher emissions 
when produced and burned compared to many biofuels. Canola 
biodiesel, however, is one of the biofuels that have lower emis- 
sions for both the production and combustion stage compared to 
fossil fuels. The fuel life cycle emissions from the production and 
use of biodiesel include the benefit of the biogenic emissions. 
Canola biodiesel reduces the life cycle GHG emissions by 90.1% 
compared to fossil diesel (0.0015% S), namely from 1428.7 to 
141.2 g CO, eq/km. Expressed differently, the GHG emission 
reduction per litre of canola biodiesel produced and consumed 
amounts to 2.97 kg CO;/litre of biodiesel [37]. Canadian canola 
biodiesel shows very large GHG emissions reductions which are a 
result of the unique characteristics of the local agricultural 
practice, not easily found elsewhere, and the LCA modelling 
framework (system expansion process). Taking into account the 
cumulative effects of the improved nitrogen fertilisation, low 
Canadian N20 emission factor, absence of lime to increase the 
soil pH and improve the yield, correlation of fuel consumption to 
field area rather than crop production, and build up of soil carbon 
in the Canadian agricultural area due to the reduction of 
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summerfallow and the increased adoption of no tillage manage- 
ment practices account for the following comparative life cycle 
GHG emissions (in g CO- eq/GJ, HHV): Canadian canola biodiesel 
5065, European canola biodiesel 47,189, and petrodiesel 20,444. 
Also Reijnders et al. [16] indicated a similar relative performance 
of European biodiesel and conventional diesel. 

Smith et al. [38] have compared the energy balances of 
biodiesel production from typical canola and soybean agricultural 
practices in Canada using a system expansion approach. Per unit 
seed yield, farm production energy inputs for canola are about 
three times higher than for soybean (Fig. 4), mostly because of 
higher nitrogen fertiliser requirements for canola. Energy 
required by processing and oil extraction, per unit oil, is higher 
for soybean. Differences in processing the oilseeds include drying 
of soybeans since the ideal moisture for flaking is less than that 
for storage; for canola press and hexane extraction is used as 
compared to only hexane extraction for soybeans. Energy 
required for transesterification per unit extracted oil is the same 
for both sources but for canola larger amounts of oil need 
transesterification, (cfr. Fig. 4). The ratio of biodiesel energy 
produced per energy input was similar for both crops, namely 
2.08-2.36 for canola and 2.12-2.41 for soybean (tillage depen- 
dent). Soybean requires less energy inputs, but also produces less 
oil than canola, for a given weight of seed. The estimated life- 
cycle energy inputs for canola (6.2 GJ/ha) and soybean (3.9 GJ/ha) 
- both for no-tillage systems - were similar to those reported by 
Mortimer et al. [56] for biodiesel from oilseed rape in the United 
Kingdom but lower than those reported for soybean by others 
[17,18]. The lower estimate reflects the absence of liming and the 
use of lower tillage intensity; also energy used by farm personnel 
and in the processing industry was not included. Hill et al. [17] 
estimated this energy consumption to be about 34.2% of total 
biodiesel energy input. The estimated energy inputs were far below 
values reported by Venturi et al. [60] for agricultural practice in Italy. 
The more favourable energy ratio reported by (S&T)* Consultants, 
Inc. [37] for Canadian canola (4.43 J/J) partly reflect the assumed 
(most recent) enhanced crop yields (1.82 t/ha vs. 1.39 t/ha) and 
lower crushing energy requirements (1.18 vs. 1.66 GJ/t seed). The 
value of 1.18 GJ/t of canola crushed, or 2.75 GJ/t oil produced, was 
based on a survey of ten plants in North America, all using natural 
gas as their source of thermal energy. The continual adoption of new 
technologies in farming, oil processing, and for biodiesel conversion 
improves energy ratios, as also reported for soybean [125]. For zero 
tillage canola, a total of 8.31 GJ/t canola was expended to grow and 
process the seed as compared to 4.53 GJ/t for soybean. For a zero 
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Fig. 4. Energy input and ratios for biodiesel production per tonne of soybean or canola seed for conventional, minimal and zero tillage conditions. After Ref. [38]. 
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tillage farm plus crushing/extraction the energy input would need to 
increase to 17.9 GJ/t for canola (+ 196%) and to 10.9 GJ/t for soybean 
(+163%) before the output/input energy balance for more energy 
intensive farming and processing systems would decline to a break- 
even point. An allocation of energy used by individuals involved in 
producing and processing canola and soybean would still result in a 
positive energy balance for the biodiesel production. The energy 
balance also remains positive without co-product allocation. The co- 
product allocation also affects the calculated energy balance. If no 
energy is allocated to protein meal, the output/input energy ratio 
declines to 1.91-2.16 for canola and to 1.52-1.70 for soybean, The 
relatively smaller decline for canola reflects a lower percentage of 
energy allocated to canola meal (11.9%) than to soybean meal 
(36.7%). However, the energy balance remains positive without 
co-product allocation. 


5.5. South American conditions 


Major oleaginous local crops for future biodiesel production 
in Chile are rapeseed and sunflower, without the need for 
competing with crops grown as a food source. Rapeseed, culti- 
vated in Central-Southern Chile with a temperate climate, is 
grown in crop rotation (every four years) in non-irrigated andi- 
sol-type soils under conventional or (mostly) no-tillage condi- 
tions and yields 3.5t seeds/ha [31], cfr. 4.1 t/ha in Germany. 
At present, the main use of Chilean rapeseed is as a feed for the 
national industry of salmon for export. Sunflower is grown in 
irrigated inceptisol-type soils in warm Central Chile using crop 
rotation under conventional tillage (soil inversion, plowing and 
harrowing); average seed yield 2.2 t/ha. The energy demand for 
RSO is 4.9 GJ/t seed, 30% less than that of SNO. The energy balance 
ratio is 5.0 for RSO and 3.5 for SNO. In agricultural conditions in 
Germany [35] and Italy [39] rapeseed crops with application of 
mineral fertilisation presented an energy demand of 3.3 and 
7.6 GJ/t seed; values depend on the rate of application of agro- 
chemicals and the fuels and electricity used in the farm (highly 
depending on the energy mix of a country). The stages of 
extraction of raw materials and fertilisers production have the 
highest energy demand (92%) and also carry the highest environ- 
mental impacts, with a contribution of > 80% in eight categories. 
For rapeseed the contribution of mineral fertilisers (including 
their field emissions, in particular N20) is between 74% and 99% 
for all impact categories considered (ADP, AP, EP, GWP, TETP, HTP, 
MAETP, ODP, POCP, RAD) with the exception of FAETP where the 
contribution of fertilisers is only 10% [85]. Similar findings were 
reported for cropping systems elsewhere [52,120,126]. Fertilisers 
contribute 93% of the CO2 eq emissions of rapeseed production 
and 83% of sunflower, in agreement with Refs. [30,52,91]. Rape- 
seed oil production shows better environmental performance 
than sunflower oil in almost all impact categories except HTP 
and POCP, as well as lower water consumption (40,000 kg/t seed, 
or four times lower than SNO with its higher evapotranspiration 
conditions). The greatest differences in the environmental 
impacts of the crops are in the categories FAETP and TETP 
(ascribed to application of the herbicide linuron) and POCP 
(resulting from emissions from diesel combustion, associated 
with higher diesel consumption in conventional tillage). In 
Chilean conditions, the better environmental and energy perfor- 
mance of rapeseed is mainly a result of using less toxic herbicides 
and the lower level of agricultural inputs per unit of crop as 
compared to sunflower. 

As in order to supply Chile with biodiesel in the short term 
rapeseed and sunflower would be cultivated on existing local 
agricultural land, direct LUC (dLUC) was considered almost null. 
However, since both crops may induce land-use change, two 
dLUC scenarios were evaluated, namely from severely degraded 


grass-land to cultivated land (scenario 1) and from improved 
grassland to cultivated land (scenario 2). The dLUC leads to a 
change in soil and aboveground carbon stock. Results show that 
GWP ranges from 640 kg CO eq/t seeds (scenario 1) to 1070 kg 
CO, eq/t seeds (scenario 2) for rapeseed production. Depending 
on field N20 emissions and dLUC scenarios, variations in GWP for 
rapeseed may range from -70% to +95%. Indirect LUC was not 
addressed by lack of data. If the production of Chilean energy 
crops leads to conversion of land to cultivated land of biofuels 
production, use of degraded grasslands is desirable as this might 
contribute to reduce GHG emissions of the crops. 

In Chilean conditions, rapeseed has a better environmental 
profile than sunflower, which can be ascribed to: (i) use of less 
mineral fertilisers per unit of seeds produced; (ii) application of 
less toxic herbicides; (iii) use of no-tillage system; and (iv) lower 
water footprint. Other sources of fertilisers should be evaluated 
environmentally, such as locally produced nitrogen fertilisers or 
biofertilisers (e.g. local livestock manure, sewage sludge). As the 
crop cultivation stage makes a most significant contribution to 
the environmental impact, it is likely that a comparative LCA of 
rape and sunflower biodiesel in Chile will reflect the same relative 
environmental performance. 


5.6. Asian Pacific conditions 


Tate et al. [36] have described an LCA study for the production 
of canola biodiesel using New Zealand (Southland) non-irrigated 
crops and production facilities, and economic, energy and weight 
allocations. Canola yield in New Zealand (3.2 t/ha/yr) is similar to 
rapeseed yields in Germany or France but higher than those in the 
UK (3.03 t/ha/yr) and far exceed those for canola in Canada 
(1.82 t/ha/yr). The higher agrochemical inputs in the UK 
(297.1 kg/ha vs. 160 kg/ha in New Zealand (NZ)) are attributed 
to the generally higher use of nitrogen fertiliser in the UK. Higher 
fuel use in NZ indicates less fuel efficient machinery and differ- 
ences in farming practices. The overall difference in CO eq 
emissions in the crop production stage, approximately 125 kg 
CO2/t biodiesel less for NZ as compared to UK, is attributed to 
lower fertiliser use and lower carbon intensity of fertiliser 
production in NZ. Many GHG emission factors for NZ are con- 
siderably lower than in the UK, which is mainly due to a higher 
ratio of low carbon or renewable electricity generation (e.g. 
hydrogeneration) in NZ. Without rapeseed meal credit GHG 
emissions for drying, extraction and refining of rapeseed are 
20% higher in the UK than for NZ. Total GHG emissions for 
conversions (oil extraction) are 381 kg CO./t biodiesel lower for 
NZ as compared to UK data, which is mainly on account of the 
higher meal credit given in NZ data. GHG emissions for transport 
of rapeseed oil from extraction facility to the biodiesel plant and 
from there to the blending facility were ignored. The relatively 
low GHG emissions for the biodiesel production stage in NZ when 
compared to the UK are mostly related to the lower GHG emission 
factor for methanol (due to NZ electricity) and differences in 
allocation to glycerine. Using the GHG emissions from 3.2 t/ha/yr 
yield canola biodiesel without a glycerine credit leads to 42% GHG 
savings compared with fossil fuel (3.8 kg eq. CO2/kg fossil diesel) 
[127]. This is comparable with the well-to-wheels GHG emissions 
for tallow-based biodiesel. 

Another LCA of rapeseed biodiesel from non-irrigated cropping 
in Southland (NZ) using typical arable tillage techniques (3-4 
passes) and a fertiliser application of 160 kg N/ha/yr has taken 
into account future improvements in crop yield (from 3.2 to 3.9 t/ha), 
cfr. Table 22 [86]. A rapeseed to rape oil conversion rate of 39.9% was 
assumed with production of 1.6kg meal/kg BD. Straw was not 
included in the evaluation. The energy requirement for cultivation 
is 11.0 MJ/kg BD (with meal credit) or 15.2 MJ/kg BD (no meal credit). 
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Table 22 
Primary energy and greenhouse gas emissions from Southland rapeseed biodiesel 
(BD). 


Yield Primary energy Energy Primary energy GHG (kg CO, GWP 


(t/ha) (MJ/kg BD) ratio? reduction (%)? eq/kg BD) reduction 
(%)P 

3.2 21.5 1.85 55 2.03 47 

3.9 19.5 2.04 59 1.76 54 


After Ref. [86]. 
* Output/input. 
> Compared with fossil diesel use. 


Table 23 
Breakdown by process of the gross primary energy (HHV) and GHG emissions for 
biodiesel from rapeseed.” 


Process Primary energy (MJ/kg BD) GHG (kg CO2 eq/kg BD) 
Cultivation 11.0 1.49 

Oil extraction 2.5 0.25 

Oil refining 0.3 0.04 

Transport 0 0 

Biodiesel production 7.7 0.25 

Total 21.5 2.03 


After Ref. [86]. 


* Base scenario: yield 3.2 t/ha. 
P Including meal credit. 


Table 23 shows the gross primary energy of biodiesel at the 
production plant gate, taking into account credits for rapeseed meal 
(on mass allocation basis). Based on a higher heating value (HHV) of 
RME of 40.07 MJ/kg BD [128], EROI of Southland rape biodiesel is 
1.85. Total GHG emissions associated with biodiesel (2.03 kg CO3 
eq/kg BD) correspond to a 47% reduction in GWP compared with use 
of fossil diesel. The GHG emission results are similar to those reported 
in a previous well-to-wheels study promoted by General Motors and 
others [105] for various fertiliser application rates using comparable 
LCA methodology. The estimate of field emissions requires further 
investigation. In comparison, for tallow-derived biodiesel calculated 
reductions in primary energy and GWP are 58% and 49%, respectively, 
without a glycerine credit [127]. These values are similar to those for 
rape biodiesel in the low- and high-yield scenario (Table 22). Tallow 
is a by-product of livestock production and is only allocated a 
relatively small fraction of the farming-related primary energy and 
GHG emissions, quite the opposite of rapeseed. On the other hand, 
the extraction and refining process is far more energy intensive for 
tallow compared with that of rapeseed. 

P. R. China is a main producer of rapeseed. There are three kinds 
of rapeseed on the Chinese market, namely Brassica campestris, 
B. juncea and B. napus (imported). Rapeseed is currently the main 
raw material for its young biodiesel industry [129]. Biodiesel 
consumption has grown from 60 kt in 2006 to 0.2 Mt in 2010 with 
a forecast of 2.0 Mt/yr by 2020. At present only about 700 kg of 
biodiesel can be produced from a hectare of rapeseed harvest in 
China (cfr. 1048 kg in Sweden) [52]. Due to its low rapeseed yield 
(1874 kg/ha in PRC vs. 2670 kg/ha in Sweden) and low oil content 
(37% vs. 45% in B. napus/Sweden) [52,130], lower energy efficiency 
in Chinese production of nitrogen fertilisers than in developed 
countries and excess use of fertilisers by Chinese farmers, the 
overall energy cost of rape biodiesel production in China is 
estimated at 27.9GJ or 1.1 times the biodiesel energy content 
(25.4 MJ), corresponding to a negative energy return [19]. The 
energy balance for biodiesel in China with its low rapeseed yield 
is thus quite different from that of economically developed 
countries with higher rapeseed yield. In Chinese conditions, 


rapeseed crop production accounts for the largest share of 64.0% 
in the total energy cost, industrial conversion 33.2%, wastewater 
treatment 1.6% and transportation 1.2%. Nitrogen fertilisers make 
up for almost 68.3% in total energy cost of the agricultural crop 
production stage, due to heavy usage and high embodied energy 
intensities. China requires higher yield rapeseed species as well as 
better fertiliser management before domestic rape biodiesel 
becomes a sustainable biofuel. The energy efficiency to produce 
nitrogen fertilisers remains remarkably lower than those in 
developed countries and could benefit from the adoption of more 
advanced technologies. 


5.7. Global conditions 


Using a world data set, Harding et al. [88] have focused on the 
biodiesel catalytic production technology by comparing five alkali 
(NaOH) and enzyme (Candida antarctica) catalysed flowsheet 
options for continuous production of rape biodiesel using both 
methanol and ethanol (Table 24). The alkali-catalysed process was 
based on the approach of Zhang et al. [131]. There are no industrial- 
scale processes for biodiesel based on enzymatic transesterification. 
Alcohol recovery was taken into account. Burden allocation was 
carried out on the basis of mass ratio. LCIA (case 1) indicates large 
impacts in marine aquatic toxicity (MAETP) and, due to rapeseed 
farming impacts, eutrophication (EP). Also abiotic depletion (ADP), 
global warming (GWP) and acidification (AP) show significant 
impacts. Considering the high energy contribution of the farming 
process (including fertiliser production) and other energy require- 
ments from natural gas, diesel and heat oil, as well as the impacts 
associated with steam and methanol production, milder process 
conditions are expected to improve LCA results (case 2). Excess 
alcohol recovery is required to minimise waste. Energy needs are 
reduced by reducing methanol recovery (case 3). To further improve 
LCA results, ethanol was evaluated for comparison (cases 4 and 5 vs. 
cases 1 and 2). Ethanol is renewable and has suggested advantages 
due to being environmentally based and CO, natural, making it a 
promising alternative to methanol. In the lipase-catalysed route, 
alcohol recovery is eliminated completely since a high alcohol 
concentration can inactivate the enzyme. Enzymatic methanolysis 
is environmentally more favourable than alkali-catalysed transes- 
terification (case 1 vs. 2) with improvements in all ten impact 
categories considered (on average by 8%), with particularly large 
gain (37%) in terrestrial ecotoxicity (TETP), mainly due to the 
removal of HCl from the bio-catalysed process. The results reflect 
the lower steam requirements for heating in the biological biodiesel 
process. Lipase-catalysed biodiesel production has environmental 
advantages due to avoided use of chemical catalyst and neutralising 
acid and operation at lower T, p. 

When methanol recovery in the alkali catalyst process was 
reduced from 94% to 50% (case 1 vs. 3) impacts increased in all 
categories (cfr. Table 24), on average by 15%. All recorded toxicity 
levels (HTP, FAETP, MAETP, TETP) even increased by at least 20%. 
Mixed LCA results were observed by replacement of methanol for 
ethanol (Fig. 5), but quantitatively similar for the alkali-catalysed 
and enzymatic routes. Negative effects of ethanol use are connected 
with human toxicity (HTP) and fresh water aquatic toxicity (FWATP). 


Table 24 
Specifications of different biodiesel production process options. 


Option 1 2 3 4 5 
Catalyst Alkali Lipase Alkali Alkali Lipase 
Alcohol used Methanol Methanol Methanol Ethanol Ethanol 
Alcohol recovery (%) 94 - 50 94 - 


After Ref. [88]. 
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Fig. 5. Comparison of LCA results of alkali-catalysed methanolysis (case 1) and ethanolysis (case 4) assuming 94% alcohol recovery. After Ref. [88]. 


This was ascribed partly to the use of a sugar-based ethanol LCA 
module with high coal demand. Terrestrial ecotoxicity (TETP) 
improves to such an extent that it shows a positive impact (+ 13%) 
in case 5 (bio-catalyst and ethanol). The main contributing processes 
to LCA impacts are similar in all five process options. The impact of 
methanol production is higher than that of ethanol. In the alkali- 
catalysed process lower alcohol recovery requires greater flows to 
give similar product yield and purity. This increases energy needs as 
well as pollutants and causes a less favourable production route 
when analysed using life cycle assessment. By application of cleaner 
production of biodiesel from virgin vegetable oil it is possible to 
reduce the life cycle emissions of GHGs up to about 5%. However, all 
technologies lead to higher GHG emissions linked to the biodiesel life 
cycle (4.1 kg CO2 eq/kg BD) if compared with conventional diesel 
(3.6 kg CO; eq/kg). 


6. Discussion 


There are wide variations between different fuel sources in terms 
of energy used and emissions associated with their extraction and 
production. A valuable substitute for fossil fuels should provide a net 
energy gain over the energy sources used to produce it, be sustain- 
able, have superior environmental benefits over the fossil fuel it 
displaces, be economically competitive and producible in large 
quantities without reducing food supplies [17]. Common metrics 
used to compare alternative bioenergy pathways describe energetic 
performance (energy ratio), environmental performance (emissions, 
land and water use), economic performance (cost), and social and 
ecological performance (human welfare, biodiversity) [132]. It is 
important that the choices of production system and scale are made 
in a way that minimises the total environmental load. 

Both EU’s RED and FQD set environmental but no social sustain- 
ability criteria. The Fuel Quality Directive aims at promoting the 
cleanest fuels and obliges suppliers to reduce the life cycle GHG 
intensity of transport fuel by 6% by 2020 compared with 2010 [12]. 
Reduction of emissions can be achieved in various ways. As to 
biodiesel, the efficiency of both the agricultural and processing 
technologies could be enhanced. The aforementioned LCAs for rape 
biodiesel give clear evidence and suggest numerous opportunities. 


LCA results make difficult comparison. Many new biodiesel 
production facilities have been set up, at different scales and 
using different methods of modern manufacture. If agricultural 
yields, conversion and production are considered, life cycle 
assessments have reported contrasting results. Some of the 
results of LCA studies reveal problems due to: (i) incomplete or 
outdated data; (ii) process simulation software; and (iii) lack of 
full comprehension of the complexity of the energy system 
requirements. Lately, research tools have been made available 
to ensure more correct full-life-cycle analysis. 

Various sensitivity analyses determine the influence of the 
variations in assumptions, method choices, and process data on 
the results [133]. Significantly different results can be obtained 
depending on the detail of the input data and the assumptions 
made to build up the LCA inventory. Disagreement on LCA results 
are eventually attributable to differing data sets (including data 
sources and ages) and methodologies. Methodological differences 
include choices of the system boundaries, functional units, alloca- 
tion procedures and other assumptions. 

A parameter uncertainty propagation study during the full life 
cycle shows that the level of confidence that rape biodiesel is more 
environmentally friendly than fossil diesel is 93.1% for non- 
renewable energy (CED) and 92.3% for global warming (GWP) scores 
[84]. LCIA results (Fig. 6) indicate that both the non-renewable 
primary energy consumption and GHG emissions are reduced 
significantly. The uncertainty of the non-renewable energy (CED) 
score is mainly determined by natural gas, uranium and hard coal. 
The global warming impact is reduced by 48% or 0.052 kg CO2/FU 
diesel eq. from 0.137 kg CO, eq with diesel to 0.085 kg CO, eq with 
rape biodiesel (RME). For biodiesel, the substances contributing 
most to the uncertainty of the GWP category are CO2 and N20, 
emitted from regular vehicle operation, followed by rapeseed 
production (no land-use change considered). Impacts on human 
health (HH) vary considerably, depending on the use phase, ie. 
vehicle technology (particle filter, etc.). 

The German Union for the Promotion of Oil and Protein Plants 
e.V. (UFOP) has reported a critical life-cycle and cost analysis for a 
variety of biofuels, including rape oil and rapeseed biodiesel, 
thereby contributing to a considerable reduction of the band- 
width of literature values [108]. The results for rape biodiesel are 
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Fig. 6. Comparative midpoint assessment for the full life cycle of rape biodiesel and petrodiesel, relative to the highest score. After Ref. [84]. 
Table 25 cake or extraction groat, raw glycerine, electricity). However, 


Synopsis of cost and life cycle analysis of rape biodiesel. 


Selected criterion Unit Literature Restricted value 
bandwidth? range 

Provision costs“ €/L fuel eq. 0.38-0.76 0.51-0.73 

Biodiesel yield/ha GJ/ha 40-70 44-52 

Total energy yield/ha’ GJ/ha 40-124 44-102 

GHG reduction kg CO- eq/Lfueleq 0.45-1.80 1.31-1.42 

GHG reduction/ha kg CO2 eq/ha 640-2560 1600-2000 

GHG avoidance costs €/t CO2 eq 25-1520 25-380° 


After Ref. [108]. 


* Based on German literature sources. 

> Based on calculations of IEE (Institute for Energy and Environment, Leipzig). 
€ 2006 data. 

4 Including by-products (press cake, glycerine). 

€ Related to Germany (2007). 


summarised in Table 25. The reduction of the bandwidth of 
literature values to a justifiable limited range has been achieved 
by various means, including using a homogeneous general frame- 
work as a basis for direct comparison, utilisation of the by-products 
obtained, correction of divergences resulting from non-considera- 
tion of by-products, updating initial values and rejecting evidently 
non-representative values. 

Provision costs referred to 1 L of biofuel equivalent are those 
costs that arise to provide the amount of biofuels containing the 
same energy quantity as1 L of the equivalent conventional biofuel 
(ie. diesel and gasoline). Table 2 shows the heating values of 
biofuels and allocated equivalent fuels. On a relative scale biofuel 
provision costs are as follows: rape oil < rape biodiesel ~ bio-SNG 
(lignocellulose) < biomethane (corn) < bioethanol (cereal) < BTL 
(lignocellulose) < bioethanol (lignocellulose) [108]. Except for 
bio-SNG (synthetic natural gas) on average 2nd-generation bio- 
fuels show notably higher costs than 1st-generation biofuels such 
as biodiesel (from plant oil) and bioethanol (from wheat). Account 
has been taken of credits of the by-products (e.g. rapeseed press 


it should be considered that some input parameters remain 
subject to variation. For example, rapeseed or rapeseed oil 
may be imported in case of feedstock provision for biodiesel 
production. Also, the use of basically different method concepts 
is possible, such as centralised and decentralised plant oil pro- 
vision, process energy supply through conventional energy 
sources (electricity) or via a CHP plant, as well as different plant 
technologies. 


6.1. Agricultural phase 


Various important aspects of agricultural practice are crop 
rotations vs. monocultures, tillage systems and deforestation. 
Crop rotations determine what crops a particular farm grows. 
Integrating a legume into a crop rotation is energetically favour- 
able: there is a reduction in the need for N fertiliser by subse- 
quent crops [134]. The tillage system (conventional or reduced) 
alters energy inputs for machinery use and manufacture, and 
herbicide inputs. There are various drivers for deforestation but 
demand for agricultural land is one of the most significant. On a 
global basis increased demand for land for food and feed will 
continue to cause a greater proportion of land-use change than 
the additional land demand for biodiesel. 

The main stages in the agricultural phase are cultivation and 
crushing (oil extraction). Their relative importance in terms of 
energy requirements and environmental impacts, also in compar- 
ison to the industrial transesterification stage, may be seen from 
Fig. 4 [38], and Tables 7, 9, 11 and 23 [30,56,86]. Cultivation 
accounts for about 82% of the total impacts and crushing 18%. 
Production intensity in agricultural cropping is related to the 
demand for energy. Fertilisers production has the highest energy 
demand and also carries the highest environmental impacts. A linear 
relationship has been reported between average agricultural pro- 
duction (t/ha) and average N fertiliser input (kg/ha) between 1970 
and 2000 [135]. Increases in rapeseed yield are most likely to take 
place where the largest crop response is achieved, which will be in 
fields where the fertiliser application is below average. In 
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comparison to Canadian canola, European rapeseed agriculture is 
handicapped by less efficient N fertiliser production with an inferior 
energy balance and a higher GHG emissions profile [37]. Chinese 
agriculture suffers from excessive fertiliser use [19]. Tropical agri- 
culture uses pesticides some of which are forbidden in Europe in 
view of their toxicity. The effects of increased yield on primary 
energy and GHG emissions are shown in Table 13 for French 
rapeseed [33] and in Table 22 for NZ rape biodiesel [86]. The lowest 
energy and emissions savings are reported when all inputs and 
emissions are attributed to biodiesel (no allocation), whereas the 
highest values are obtained in case of burning of rapeseed [101,102]. 
However, straw is mostly left on field. Fuel consumption correlates 
much better to field area than to crop production. The European 
default value for diesel consumption in 82.6 L/ha. 

After cultivation rapeseed is dried, cleaned and cooled. Rape 
oilseed is harvested with a typical moisture content of 13 wt% 
which must be reduced by drying to at most 9 wt% as a require- 
ment for the oil extraction facilities and to ensure stability in 
storage. Grain drying is identified as a minor energy contributor in 
the agricultural rapeseed stage, accounting for almost 5% (cfr. 
Tables 6 and 11). Extraction consists of either cold pressing and 
solvent treatment using hexane (e.g. [30,38,52,56,102,103]), or hot 
pressing and crushing (e.g. [57,79,98]). The main currently used 
vegetable oil production methods involve pressing and extraction 
by organic solvents. Cold pressing (T < 60 °C) requires less energy 
and there are less phospholipids in the oil, which is desirable for 
biodiesel production. However, 12-14% of oil is left in the cake. 
Compared to cold pressing, hot pressing (T=110-120 °C) requires 
a larger quantity of oil. However, in this case 6-7% of oil is left in 
the cake even when slow presses are used. The vegetable oil 
extraction efficiency in small-scale systems is lower in comparison 
to large-scale systems [102,136]. Using hexane solvent extraction, 
only 0.1-0.8% of oil is left in the cake, but the phospholipid content 
is higher [37,56]. Consequently, additional energy consuming oil 
degumming is then required before transesterification. The oil 
extraction process also affects the total glucosinolate contents of 
the meals. Expeller extracted meal contains less glucosinolate than 
occurs in case of solvent extraction. Dietary glucosinolate have 
deleterious effects on animals. 

There are considerable differences between estimates of the 
primary energy inputs and CO, outputs of rapeseed drying/oil 
extraction/refining. These are on account of scale, method of 
extraction, extraction efficiencies and allocations (credits). In the 
past, the energy required for crushing has been grossly overesti- 
mated [79]. Typical, variously expressed, values range from 815 to 
2805 MJ/t BD for a modified and conventional biodiesel process, 
respectively [56], from 1512 to 3896 MJ/t BD for small-scale cold 
pressing without refining to large-scale extraction/refining, respec- 
tively [30], 2800 MJ/t BD (with credits) [86], 1.18-1.66 GJ/t seed 
[37,38], and 12 MJ/GJ [97]. 

Effective use of energy in agriculture is important for sustain- 
able agricultural production, to optimise economic return, pre- 
serve fossil fuel reserves and reduce air pollution [137]. Detailed 
knowledge of fossil fuel energy use in agricultural systems is 
essential in developing cropping practices that utilise limited 
energy resources more efficiently. 

Energy analysis provides important information on cropping 
system properties. There is no standardised methodology for 
determining the optimum level of energy input per area of 
agricultural land or unit output. To determine the energy effi- 
ciency in crop production, different energetic parameters are 
available, such as energy balance or energy gain (net energy 
output), energy intensity and output/input ratio (EROI). A max- 
imum energy gain is desirable when land is used to produce 
renewable energy or when land area for growing crops is limited. 
Energy intensity and output/input ratio are measures of the 


environmental effects associated with crop production. Therefore, 
these parameters can be used to determine the optimum inten- 
sity of land and crop management from a ecological point of view. 
The highest energy output/input ratio were observed for low 
production intensities and decreased with increasing production 
intensity [35]. Energy indicators depict the efficiency of produc- 
tion systems, allow comparison of different production intensities 
and are a suitable supplement to economic analysis [138]. 


6.1.1. Energy conservation in agriculture 

Although sunlight energy is the primary input to crop produc- 
tion, energy balance sheets in agriculture are mainly determined 
by the support energy (fossil energy inputs of mineral fertiliser 
and fuel), which are highly correlated to the production intensity. 
Fertilisers application rates depend on oilcrop and location. 
Nitrogen is the most limiting nutrient for crop farming [139] 
and optimum N management is the most important factor for 
energy conservation. Increased application of N fertilisers results 
in increased growth rate and, hence, increased energy outputs per 
area. Among all inorganic agricultural fertilisers production of 
nitrogen fertiliser represents the largest component of total 
energy input in most cropping systems [35,59,140,141]. In devel- 
oped countries, the relative share of mineral N fertiliser amounts 
up to 55% of the total energy input for a high-input system of 
winter OSR production [141], but can be reduced to approxi- 
mately 30% at lower input level. Rathke et al. [35] reported a 
range from 20% to 51%. The total energy consumption is highly 
variable depending on the rate of N fertiliser used. Typically, there 
is a clear linear relationship between increasing N fertiliser rates 
and the total energy input. 

The energetic effectiveness of winter oilseed rape production 
has been investigated by several authors [35,89,102,141-143]. 
Alternative fertiliser (mineral, organic) and previous crop man- 
agement significantly affects the total energy input and energy 
efficiency of cropping systems. The energy efficiency of winter 
OSR responds mainly to different N management strategies. The 
optimal N application rate of winter OSR depends on the scope of 
production. For high energy output and energy gain, high rates of 
N are required, whereas only small N rates are essential for low 
energy intensity and no N results in the highest output/input 
ratios [35]. Maximum net primary energy savings per unit land 
area been reported to occur at a N fertiliser application rate of 
184 kg N/ha/yr [89]. Several publications have dealt with the 
effects of previous crops on the energy balance of a crop 
[35,134,144]. The preceding crop effect is particularly relevant 
for rapeseed, typically 32.5 kg N/ha/yr [34] but values of 90 kg N/ 
ha/yr have been mentioned [145]. Pea and barley have been 
evaluated as previous crops to winter oilseed rape [35,144]. 
Legumes are excellent sources for biological fixation of N in 
agriculture [146]. It is well known that the quality of N fixation 
is directly related to pea growth. To reduce energy inputs, high 
yielding legumes should be integrated into crop rotation as 
a substitute for N fertiliser. Management systems with legume 
as a previous crop have a greater output/input ratio than those 
with a cereal as the previous crop [147]. 

In addition, organic fertilisation can substitute for mineral 
fertilisers and reduce indirect energy requirements [35,140,148]. 
It has been observed that OSR yields are lower with organic 
fertiliser than with mineral N fertiliser [35]. Similarly, also grain 
corn was cultivated more successfully using inorganic N fertiliser 
than with manure [140]. As the concentration of N in slurry is 
much lower than in CAN much more organic fertiliser has to be 
applied to the field to meet the target level of N fertilisation. Being 
a by-product of livestock production, manure is not always 
considered explicitly as an energy input. Depending on the 
method of balancing, the energy input achieved in manure 
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treatments is lower than that of inorganic fertiliser. For example, 
McLaughlin et al. [140] reported energy savings from 36% to 52% 
when manure was substituted for inorganic fertiliser in corn 
production. No savings could be determined for OSR by Rathke 
et al. [35] who explicitly considered manure as an energy input. 
Most of the biological waste is currently not yet used on 
biofertilisers in agriculture. For the production of EU compliant 
biofertilisers it is possible to use sewage sludge, manure, slaugh- 
terhouse waste (meat bone mass). The biofertiliser production 
process does not require additional electricity or fossil fuel 
energy. EROI in organic agriculture is better than in conventional 
agriculture [134]. Energy consumption in agriculture would also 
be reduced by implementing advanced chemical seed preserva- 
tion technologies, which would substitute the usual seed drying 
[59]. These technologies are not yet widely practised. Total 
crushing energy requirements can be reduced by optimisation 
of the cooking cycle (T, t, thermal energy source) [37]. A better 
energy ratio is also obtained by biotechnological oil extraction. 
Apart from fertiliser, the direct energy input due to fossil diesel 
consumption is the second most important input factor ranging 
from 17% to 39% [141] and from 21% to 46% [35] for winter OSR. 
The energy required to grow crops depends on the tillage system. 
At lower N rates, diesel contributes a greater percentage of total 
energy input. In contrast to fertiliser and diesel, the factors seed 
material, plant protection and machines are less important. 
Although pesticide manufacturing tends to be energy intensive, 
the contribution to the total energy input is small ( < 10%) 
because of the generally low application rates per unit land area. 
The energy balance is always favourable for rapeseed (Tables 13 
and 18), but less so for its methyl ester (Tables 13 and 19) [60]. 


6.1.2. Environmental performance 

One of the most widely used metrics for comparing environ- 
mental performance of bioenergy pathways is the GHG emissions 
(or equivalents) per unit energy (kg CO z eq/GJ). This metrics 
allows measuring the whole system performance but is less 
straightforward for systems producing both energy and non- 
energy products, as in case of rape biodiesel. In practice, the 
amount of GHG saved is not limited by the amount of fossil fuels 
replaced but by the amount of land available [149]. 

Agriculture is a source of considerable emissions and currently 
accounts for almost 12% of human-caused GHG emissions (mainly 
CO, CH4, and N20 with relative IPCC emission coefficients of 1, 23 
and 296 CO2 eq). The main components of agricultural emissions 
outside of land-use change are N20 and CHy,. Nitrous oxide mainly 
comes from field emissions (denitrification and nitrification) and 
from production of N fertilisers. Increased reliance on nitrogen- 
based fertilisers has caused a rise in atmospheric N20 levels [150]. 
Carbon is released from both biomass and soil by conversion of 
forest, shrub, and grassland to cropland. Key issues affecting soil 
carbon exchange and thus the GHG balance of biodiesel are: 
(i) land-use; (ii) geographic region (climate and soil type); (iii) soil 
management practices (full-, reduced or no-tillage); and (iv) carbon 
inputs to soils (return of crop residues to the field, manure carbon 
input cropping, etc.). A large degree of variability exists concerning 
the management practices and input levels. Development of agri- 
cultural systems needing low fossil energy inputs while maintaining 
high output helps to reduce agricultural CO2 emissions [151]. 

A main argument for the production and use of RME as a 
biofuel is its potential to reduce the emissions that contribute to 
global warming and one of the main objectives of the establish- 
ment of energetic crops in the EU is the fulfilment of commit- 
ments to the reduction of greenhouse gases [119]. The most 
significant contributions to GWP from rapeseed oil as a feedstock 
for biodiesel come from rapeseed cultivation [56,64]; cfr. also 


Tables 6 and 7. In the most favourable case (no land-use effects) 
RME can save 64% of the fossil energy and 53% of the GHG 
emissions required for petrodiesel [152]. Actually, direct GHG 
emissions from conventional diesel are usually underestimated if 
one also takes into consideration unconventional oil extractions 
(oil sands) and collateral damage from oil spills. The cumulated 
non-renewable energy demand (CED) correlates with the GHG 
emissions. Carbon dioxide comes from production of fertiliser, 
traction and from transportation of agricultural inputs and out- 
puts. Irrigation, which has a positive impact on crop yield, has a 
negative effect on the energy consumption and N20 emissions. 

In the production of biodiesel, biogenic N2O emissions are 
associated with the cropping of rapeseed or other biodiesel crops 
when conversion by microorganisms of fixed N-compounds takes 
place. Fixed nitrogen is added to the agricultural fields by way of 
fertiliser, manure, harvest residue biological fixation and atmo- 
spheric deposition. The size of the N20 emission coefficient is 
subject to fierce debate and has been indicated to range from 
1.25% [153] to 3-5% [154] of added fixed nitrogen. Local condi- 
tions may significantly affect conversion rates. Agricultural N20 
emissions are very seasonal and depend on crop type, soil 
moisture and temperature, as well as on the rate and form of 
applied fertiliser [155]. N20 emissions from different fields are 
extremely variable (by orders of magnitude) depending on soil 
composition and farming practices. Little information is available 
about the nitrous oxide emissions emanating from fallow areas 
and these are often ignored. However, in extreme cases N20 
emissions from set-aside land can be as high as those from areas 
under agricultural use [156]. Nitrous oxides not only contribute to 
global warming but also cause ozone depletion. 

As to global warming, key uncertainties derive from the effects 
of climate-active species (also including NOx, CO, SOx, aerosols), 
poorly characterised emissions from agriculture (in particular 
N20), soil carbon sequestration and allocation methods. Soil 
carbon sequestration cq. release is highly site specific, dependent 
on soil type, prior land-use application, and agricultural practice. 

As the crop cultivation stage makes the most significant con- 
tribution to the overall environmental impacts it is important that 
the choices of production system and scale are made in a way that 
minimises the total environmental load. Although GHG emissions 
from the production and use of fertilisers have increased with 
agricultural intensification, those emissions are far outstripped by 
the emissions that would have been generated in converting 
additional forest and grassland to farmland. Yields intensification 
has lessened the pressure to clear land and reduced emissions by up 
to 13 Gt CO2/yr since 1961 [112]. High-yield agriculture has slowed 
down the pace of global warming. Reduction of GHG emissions from 
feedstock production (measured as t CO, saved/unit energy) may be 
achieved in various ways such as reducing the inputs to production 
in a low productivity scenario requiring a high land and water 
footprint. On the other land, net GHG emission reductions per land 
unit might also be achieved by a high-input (fertilisers, etc.), high- 
output system leading to higher productivity. The size and cost- 
effectiveness of this carbon reduction is striking when compared 
with other proposed mitigation options [50]. Funding agricultural 
research ranks among the cheapest ways to prevent GHG emissions. 

Although the environmental focus is mainly on savings of non- 
renewable energy resources and GHG emissions on a global scale, 
production of biomass is often also associated with adverse envir- 
onmental effects such as eutrophication of surface and ground water 
on a regional level. Ecotoxicity problems in rapeseed cultivation are 
mainly on account of fertilisers. Approximately 50% of the impacts 
of rape oil cultivation in Europe stem from nitrate, phosphate and 
cypermethrin emissions. The most worrying effect of fertilisers is 
eutrophication. Fertilisers also disturb the acid-base equilibrium in 
the soil leading to acidification. The agricultural sector should be 
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careful in its fertilisers choice and use. Improved soil cultivation 
practices, e.g. extensive and low- or non-tillage farming, can reduce 
fertiliser losses substantially by: (i) reducing the total amount of 
fertilisers applied; (ii) improving the seasonal management of 
fertiliser application; (iii) reducing overall soil erosion from agricul- 
tural land; and (iv) precision farming [75]. Use of pesticides in 
rapeseed cultivation is relatively low. Production of RME increases 
acidification compared to petrodiesel, but fossil energy consumption 
also causes acidification. Acidification is even increased if biomass is 
used to replace fossil resources used for the production of energy 
(power/heat) and transportation fuels. The specific acidification 
potential is largely caused by SOx and NOx emissions resulting from 
incineration processes. Ammonia emissions from manure applica- 
tion are a source for acidification [157]. 

There is a fundamental trade-off between local and regional 
environmental impacts and global impacts. Rapeseed has a 
relative low water footprint (much better than sunflower), which 
is favourable for its environmental profile [85]. The EU RED 
requires that biofuel feedstock must not be grown on land with 
high biodiversity value. Negative biodiversity impacts are high for 
rape. Most of the potential environmental impacts are evitable 
and can be limited. 


6.2. Industrial phase 


Biodiesel plants can be co-located at the oilseed crusher/ 
extraction/refining plant [56] or they can be stand-alone facilities 
at a different location [30]. There are numerous examples of both 
business models. Industrial biodiesel processes are well estab- 
lished. Biodiesel is conventionally produced by transesterification 
of vegetable oils or animal fats using an alcohol (usually metha- 
nol) and a catalyst (alkaline or acid) yielding a mixture of fatty 
acid alkyl esters and the co-product glycerol. The process gen- 
erally uses pre-extracted oil as the raw material, which is usually 
produced by pressing the oil-bearing seeds, eventually followed 
by solvent extraction of any remaining oil. Production of 1 | of 
biodiesel requires 0.88 kg of virgin vegetable oils. Biodiesel 
energy use typically amounts to 0.032 kWh/L of electricity and 
20.2 L NG/L biodiesel. In addition to methanol various other 
chemical inputs are required (e.g. NaOCH3, NaOH, HCl, H3POu,, 
citric acid). The biodiesel production process produces 0.106 kg/L 
glycerine and 0.002 kg/L fatty acids. The major steps of the 
production process involve reaction (catalytic transesterification), 
methanol recovery, separation of biodiesel from the glycerol, 
biodiesel purification, and glycerol purification. 

In most LCAs the conventional alkali-catalysed transesterifica- 
tion has been considered. Homogeneous and heterogeneous 
catalytic transesterification were compared for French rape bio- 
diesel production [33]. Heterogeneous transesterification leads to 
a decrease in EROI. Most heterogeneous catalysts are only active 
at higher p, T, thus leading to an enormous increase in investment 
and running costs. Enzymatic methanolysis (not commercial) 
appears to be more environmentally favourable than alkali- 
catalysed transesterification [88]. At the same time, mixed LCA 
results were reported for replacement of methanol for (renew- 
able) ethanol. However, the ethanolysis step is less energetically 
favourable and less cost effective [58,158], cfr. Table 26. Use of 
oscillatory flow reactors is believed to lead to lower operating 
costs and investment [159]. 

More efficient biodiesel process designs must be developed in 
order to enhance the profitability of biodiesel production. To this 
extent, Myint [160] has simulated four different process config- 
urations for the product separation stage. The recommended 
process design consists in separation of biodiesel and glycerol 
first, with removal of methanol next, followed by water washing. 


Table 26 
Comparison of methanolysis and ethanolysis of vegetable oils and fats. 


Process parameters Methylation Ethylation 
Alcohol consumption (kg) per 1000 L biodiesel 90 130 
Alcohol costs (US Cts/gal)* 103 310° 
Required excess alcohol (%)° 100 650 
Recommended reaction temperature (°C) 60 75 
Reaction time (min) 45 90 


* US contract price (FOB) (5 May 2006). 
P Industrial (99%). 
€ Recoverable by distillation after the reaction. 


Biodiesel plant scale is another process variable and the effects 
of large-scale (> 100 kt/yr) and small (farm)-scale ( < 10 kt/yr) 
plants have been compared in UK conditions [30] as well as in 
Swedish conditions [52]. As cultivation is the dominating step 
regarding environmental and energy requirements, the effect of 
different industrial production scales on the whole life cycle of 
rape biodiesel is small. However, production costs are lowest for 
large-scale production. 


6.2.1. Energy accumulated in biodiesel life cycle 

Energy accumulated in biodiesel fuel and its by-products is a 
relatively fixed value; consequently, the largest influence on the 
energy balance is made by the energy demands for biodiesel fuel 
production. The total energy consumption in the RME life cycle is 
mainly on account of cultivation, oil extraction and transesterification. 
Energy consumption connected to industrial operations (oil extraction 
plus transesterification) and transport is directly related to the 
quantity of seed to be processed, i.e. related to grain yields. The same 
is valid also for output values. Estimates of energy required to process 
oilcrops vary widely in the literature, reflecting differences in extrac- 
tion process, age of plant, plant size, transesterification technology, 
performance, energy sources, system boundaries, and method of 
reporting energy use. For instance, new soybean crush plants use 
about 42% less energy than older plants [161]. Differences in proces- 
sing the oilseeds include the drying and extraction modes. The net 
efficiency (HHV basis) of extraction of RSO and esterification to RME 
for a typical capacity — in isolation of the rest of the supply chain -— is 
given as 88% [162]. 

In cases where oilseeds are shipped to a plant and crushed into 
oil that is converted to biodiesel onsite, oil transport is usually not 
included in the baseline inventory. However, many biodiesel 
plants do not have crushing capability, they purchase oil and 
have it transported to their plant. The energy required to trans- 
port oil to a biodiesel plant is about 0.17 MJ/L (biodiesel share) for 
920 km (571 mi) [125]. When adding this energy to the inventory, 
the fossil energy ratio (FER) decreases. 

Various rapeseed oil extraction (cold and hot pressing, solvent 
extraction) and transesterification technologies are currently used 
in the production of biodiesel. Oil degumming may eventually be 
required before transesterification. Energy required for transes- 
terification of extracted oils should be the same for sources with 
similar free fatty acid (FFA) contents [38]. Higher quality oil and 
cake can be obtained, with reduced energy consumption and 
environmental pollution, by using the fermentation hydrolysis 
principle-based biotechnological oil extraction method, which 
requires only 2089 MJ/t RME produced, as compared to 2328 MJ 
by applying the classic cold press technology [59]. Various 
transesterification technologies, such as use of heterogeneous 
catalysis [33] or biocatalysis [88] have been evaluated in life 
cycle assessments. 

An average breakdown by agricultural and industrial process 
steps of the gross primary energy for biodiesel from rapeseed 
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is as follows: cultivation, 38%; drying/extraction/refining, 18%; 
transesterification, 40%; transportation/distribution/storage, 4%. 
However, great differences are noticed (cfr. Tables 6, 7, 9, 11 and 
23). In particular, the total primary energy input varies widely 
ranging from 7750 MJ/t BD [56] to about 21,500 MJ/t BD [30,86], 
where the low value is a result of low-nitrogen cultivation, use of 
straw as fuel and of biofuel instead of fossil fuel. The total energy 
requirements for small- and large-scale rape biodiesel production 
are similar, but show up important differences between the 
processing steps (extraction, refining and transportation), cfr. 
Table 11 [30]. The energy requirement in the transesterification 
stage depends much on the methanol recovery, which is less 
favourable for small-scale processing. 

Energy balances (EROI) of RME are unfavourable when com- 
pared to perennial crops, meaning the net energy production per 
hectare is low. In the past in some cases the balance was negative 
(cfr. Table 19); this still applies to recent Chinese conditions [19]. 
Some other reports have indicated an energy ratio of less than one 
because the actual energy in the oil was included, as well as the 
energy to produce the oilseed, while other studies have included 
the human energy input associated with the production of the 
oilseed and biodiesel [18,163]. Others did not include the oilseed 
energy nor human energy [37,38]. For the case of rape biodiesel in 
Britain, yield of 1 ha of land produced 1.5 t of biodiesel with an 
energy content of 54,346 MJ and a fossil energy cost of 30,505 MJ 
for the industrial stages of agricultural crop production, crushing, 
and transport and processing (EROI=1.78) [164]. The average 
fossil energy input for production of rape biodiesel was given as 
13.7 MJ/t BD in seven pre-2006 studies, EROI=2.5 [115]. Also 
other studies reported an average energy ratio of 2.5 for a range of 
1.2-3.7 [165]. A midrange estimate for the life cycle energy ratio 
of RME was given as 2.29 [59,166]. In another study the mean 
energy requirement (MJ out/MJ in) for rape biodiesel of 3.58 was 
compared to 5.29 for used cooking oil (UCO) biodiesel [21]. In the 
longer term, energy balances and economic performance of RME 
can be improved to some extent, particularly by using residue 
straw for efficient heat and power production [162]. Industrial 
use of rapeseed meal (RSM) for heating purposes is currently 
reported only from Hungary [22]. 

In the agricultural stage not only rapeseed is produced but also 
some 6 t/ha of straw, which has a significant impact on the overall 
energy balance if used as a biofuel. Straw accumulates twice as 
much energy as the esters, while the cake accumulates a little less 
energy than biodiesel. Use of biofertilisers and seed preservation 
technologies reduce energy consumption by 9614 MJ/ha in compar- 
ison to using mineral fertilisers and conventional drying of seeds 
[59]. At first sight, it might appear that the total energy consump- 
tion in the production of biodiesel can further be reduced by using 
exclusively renewable raw materials. However, methanol produced 
from the biofuel Salix increases the energy requirement by almost 
32% [52]. The energy consumption of agricultural production of 
ethanol might eventually be lower than that of methanol production 
from fossil sources. However, methanolysis of vegetable oils is much 
more advantageous than ethanolysis, both from an energetic and 
economic point of view, as evident from Table 26 [158]. Indeed, 
industrial-scale production of fatty ester ethyl esters (FAEEs) is 
limited. Barralcool (Barra do Bugres, MT, Brazil) operates an inte- 
grated bioethanol (sugarcane)/biodiesel (SBO, TLW) facility. Harding 
et al. [88] have evaluated the environmental effects of replacing 
methanol for ethanol. Application of FAEE generally offers larger 
benefits in terms of well-to-wheels energy efficiency [59] than in 
terms of GHG emissions. This is because methanol production is 
rather energy intensive, but as methanol is rich in hydrogen the 
greenhouse gas penalty is limited. 

The area-related biodiesel yield is the highest energy amount 
of biodiesel that can be generated from the initial products 


Table 27 
Heating values of biofuels and allocated equivalent fuels. 


Fuel Heating value (MJ/L)* 
Rape biodiesel 32.65 
Rape oil 34.59 
Bioethanol 21.17 
Diesel 35.87 
Gasoline 32.45 


After Ref. [167]. 
* Lower heating value. 


obtained from one hectare of area under cultivation. Hectare 
yields can fluctuate considerably both regionally and seasonally. 
A restricted yield range (Table 25) was derived from long-term 
annual averages [108]. Conversion plants with optimal location 
will exceed the values obtained due to higher local yields. 

The area-related final energy yield is the highest amount 
of bioenergy that can be generated from the products plus 
by-products obtainable on one hectare of area. The total energy 
yield is thus composed of the area-related biodiesel yield, the 
energetically utilisable by-products and eventually the heat and 
electricity provided during biodiesel generation. As by-products 
can be used in different ways (e.g. combustion and forage for rape 
press cake and extraction groat, energy recovery and chemical use 
of glycerine) allocation of an energy yield is fraught with 
difficulties. Moreover, by-products can be credited in different 
ways (based on mass, economic or energetic value). The restricted 
value range of rape biodiesel (Table 25) is based on heating values 
according to Table 27 despite the fact that glycerine is utilised 
preferably as a chemical base material rather than a fuel [108]. 
Straw can be used for fuel provision as well as for soil improve- 
ment and as a fertiliser. 


6.2.2. Life cycle GHG emissions 

A fundamental principle regarding the sustainability of biofuels 
is its potential on saving GHG emissions as compared to the 
substitute fossil fuels. Life cycle analyses demonstrate that most 
current (1st generation) biodiesel technologies deliver 40-60% life 
cycle GHG savings from road transport compared to that of 
conventional diesel if (direct or indirect) land-use change causing 
significant losses in carbon stocks is avoided (cfr. also Table 30). 
According to the Gallagher review estimated GHG emissions savings 
of rape biodiesel compared to conventional diesel range from 28% to 
47% [8] (or typically 45% [7]), excluding emissions due to land-use 
change. The best results conform to the minimum EU sustainability 
criterion (35%), whereas the worst results (28%) already denote non- 
conformity even in the absence of land-use effects. The mean GHG 
output for rape biodiesel has been quoted as 43.0 g CO2/MJ (range 
from -91.0 to 140.0 g CO- eq/MJ) as compared to 12.0 g CO- eq MJ 
for used cooking oil biodiesel (range from 10.0 to 20.2 g CO2 eq/MJ) 
[21,168]. This conforms to a midrange estimate for life cycle 
emission savings for RME, referred to low sulphur diesel (90.3 g 
CO, eq/MJ) of 46 g CO- eq/MJ [169]. The range of results indicates a 
large heterogeneity of production conditions and significant room 
for improvements. The results regarding the GHG balance are 
strongly influenced by the energy ratio between the product and 
input values (as fossil energy). 

GHG emissions show considerably higher uncertainty than 
energy efficiency values. Uncertainties in the life cycle emissions 
estimates for biodiesel include the allocation for co-product 
credits, soil carbon emissions from direct LUC and N,O release 
from cultivated soil. Not unexpectedly, median-value life cycle 
GHG emissions decrease in case of allocation, because emissions 
are partitioned between co-products based on specific relationships 
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(cfr. Table 20). The substitution method, which is favoured according 
to the ISO 14044 standard in LCA, subtracts the credits associated 
with displaced products from the biodiesel chain. When land-use 
change is excluded from the analysis, the uncertainty in total GHG 
emissions derives mainly from the cultivation stage with its great 
variability in terms of fuel and fertiliser inputs, and uncertain 
parameters such as N20 emissions from cultivated soil. Conclusions 
by Crutzen et al. [154] that most biofuels would not generate net 
GHG savings, as opposed to calculations based on IPCC emission 
factors, have subsequently been criticised [170]. The uncertainty in 
industrial conversion processes is small, both in terms of energy and 
GHG. Transportation activities hardly contribute to the overall GHG 
emission balance. 

Whereas most studies have concluded that substituting diesel 
by biodiesel leads to lower overall GHG emissions [15,17,52, 
87,171-175], a few studies [16,18] have drawn the opposite 
conclusion on the basis of certain assumptions. Estimates for 
fossil fuel-related CO2 emissions vary considerably [18,87,88]. Zah 
et al. [87] have given data for the cumulative energy demand 
(CED) for conventional diesel (100%) and biodiesel based on 
European rapeseed (~60%) and American soybean (~ 70%) using 
economic allocation. It has been estimated that the combined 
emission of biogenic GHGs kg~' BD should then not exceed 1.2 kg 
CO; eq for European rape biodiesel and 0.9 kg CO, eq for biodiesel 
from Brazilian soybeans [16]. Actually, as shown in Table 28, both 
biodiesel types exceed these values. If it is assumed that CED of 
biodiesel is only 30% of that of conventional diesel, then the 
values for biogenic emissions in Table 28 should not exceed 2.1 kg 
CO» eq/kg BD. Again these values are higher. The seed-to-crop 
stage in biodiesel production has a large impact on the life cycle 
emissions associated with biodiesel production from European 
rapeseed. Accordingly, biogenic emissions of carbonaceous GHGs 
and N2O in the life cycle of European rapeseed and Brazilian 
soybeans, grown for up to 25 years with no tillage on arable soil 
for which tropical rainforest or Cerrado (savannah) was cleared, 
are worse than for conventional diesel. As shown above (Section 
5.4), Canadian canola biodiesel with its energy efficient produc- 
tion system shows a much lower GHG life cycle emissions profile 
than European rapeseed and petrodiesel. 

In principle, rape biodiesel can be produced in an environmen- 
tally friendly way, depending on the rapeseed cultivation prac- 
tices without indirect land-use change effects and production 
technology. Tables 6, 7, 9, 11 and 23 show a breakdown by process 
steps of GHG emissions for biodiesel from rapeseed. Fossil fuels are 
used in the agricultural phase (fertilisers, pesticides, machinery), in 
transesterification, and for transporting the raw materials from the 
field to the processing plant and from there to the final users. The 
environmental impact from the agricultural stage (64%) is much 
higher than that from the fuel processing stage. Biodiesel generates 
lower emissions during extraction (10%) and transesterification 
(22%). For alcoholysis using ethanol produced from renewable 


Table 28 


resources (biomass) by bioprocesses GHG emissions are lower by 
about 60 kg CO, eq/t BD than for methanolysis, as shown by Harding 
et al. [88]. Overall emissions in methanolysis are higher because the 
current production of methanol involves solely fossil-fuel feed- 
stocks. Transportation (3%) only plays a secondary role, even when 
biodiesel is produced overseas and transported with tank ships. The 
actual vehicle operation is CO -neutral as the amount of CO, 
emitted by biodiesel in the combustion phase is the same as that 
absorbed by the plant during its growth through photosynthesis. 
Biodiesel use is characterised by a small increase in NOx compared 
to petrodiesel [176]. 

Reduced greenhouse gas emissions were determined in com- 
parison to the corresponding fossil fuel. LCA methodology (eco- 
balancing) was used to derive the reduced GHG emissions 
(expressed in CO, eq, taking into account the so-called equiva- 
lence factors for CH4, N20, etc.) developed during the combustion 
of fossil fuels (as energy sources) [108]. Table 25 does not 
consider CO2 emissions derived from cultivation, storage, proces- 
sing, conversion and combustion of the biogenic energy source. It 
is noticed that a biodiesel LCA for Germany reports a greenhouse 
gas reduction (GHGR) value of 2.0 kg CO2 eq/L of equivalent fossil 
fuel [167]. 

GHG avoidance costs compare costs and GHG emissions of 
biodiesel and fossil diesel and essentially represent the costs to be 
raised in order to avoid a unit of GHG emissions (in CO2 eq). 
Noticeably, rape oil may even show up negative CO, avoidance 
costs for its most favourable basic conditions (low provision costs, 
high area-related GHG reductions). Apart from GHG emissions 
this determines an economic advantage for the provision of rape 
oil as a biofuel instead of fossil diesel. As shown in Table 25, GHG 
avoidance costs are characterised by a very broad literature 
bandwidth being strongly dependent on personal and transporta- 
tion costs, location and fluctuating feedstock prices. 

Calculation methodologies for GHG emissions according to the 
EU Renewable Energy Directive [7] and US EPA [49] are different 
(Table 3). EU RED standardises the methodology for calculation of 
GHG emissions (g CO2 eq/MJ) from production and use of biofuels 
(cfr. Table 29). Emissions from the manufacture of machinery and 
equivalent shall not be taken into account. In certain conditions a 
bonus of 29 g CO2 eq/MJ biofuel is attributed if biomass is obtained 
from restored degraded land. GHG emissions (E) savings from bio- 
diesel (BD) as compared to conventional diesel (CD) are calculated 
as [E(CD) - E(BD)]/E(CD). Table 30 lists typical and default values for 
biofuels if produced with no net carbon emissions from land-use 
change. 

Growth of biodiesel in EU27 will be rather difficult as the GHG 
reduction default value for rape biodiesel is 38% (without indirect 
effects) (Table 30), close to the required minimum for compliance 
(35% in 2010) and below the limit of 50% as from 2017. Emission 
savings for rape biodiesel produced with no net carbon emission 
from land-use change need rapid improvement. In the additional 


Life cycle CO, equivalent emissions kg~' biodiesel due to emission of carbonaceous greenhouse gases and N30 linked to cropping.* 


Fuel type Emission in kg CO, eq/kg BD 

Biogenic Fossil Total 
Biodiesel from European rapeseed 2.2-3.1 2.4 4.6-5.5 
Biodiesel from Brazilian soybeans ex tropical rainforest 11.2-32.5 2.7 13.9-35.2 
Biodiesel from Brazilian soybeans ex Cerrado 2.7-8.0 27 5.4-10.7 
Conventional fossil diesel - 3.6 3.6 


After Ref. [16]. 
* Allocation to vegetable oil on price basis. 
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Table 29 
Total greenhouse gas emissions E from the production and use of biofuels. 


E=eec-+el+ep-+etd-+ eu -— esca —eccs — eccr —eee 


eec Emissions from extraction or cultivation of raw materials. 

el Annualised emissions from carbon stock changes caused by land-use 
change. 

ep Emissions from processing. 

etd Emissions from transport and distribution. 

eu Emissions from the fuel in use (tailpipe emissions)*. 

esca Emission savings from soil carbon accumulation via improved 
agricultural management. 

eccs Emission savings from carbon capture and geological storage. 

eccr Emission savings from carbon capture and replacement. 

eee Emission savings from excess electricity from cogeneration. 


After Ref. [7]. 
* Zero for biofuels. 


Table 30 
Life cycle greenhouse gas emissions savings from biofuels (produced with no net 
carbon emissions from land-use change). 


Biofuel GHG emissions savings (%) 
Typical value EU default value 
Rapeseed oil 58 57 
Rapeseed biodiesel 45 38 
Hydrotreated rape oil 51 47 
Sunflower biodiesel 58 51 
Soybean biodiesel 40 31 
Palm oil biodiesel 36/62? 19/56 
Waste oil biodiesel 88 83 
Sugarcane ethanol 71 71 
Corn (maize) ethanol 56 49 
Wheat straw ethanol? 87 85 
Waste wood FT diesel? 95 95 
After Ref. [7]. 


* Process with methane capture at oil mill. 
P Pre-commercial cq. future biofuel. 


EU mandate scenario (Section 6.3) compliance with the minimum 
limit will even be much more difficult. There is a strong drive to 
push cellulose or waste/residue-based biofuels instead of 1st 
generation biofuels. Second-generation biofuels are supposed to 
have better GHG reduction potential [177], but the impact of 
land-use change has been ignored. 

In agriculture in temperate climates it is partly the lower crop 
yields (in comparison to tropical crops), partly the intensive 
fertiliser use and mechanical tillage of the soil that cause 
unfavourable environmental performance. In tropical agriculture 
it is primarily the clear-cutting and burning of rainforests that 
releases the largest quantities of COz, causes an increase in air 
pollution and has massive impacts on biodiversity. However, 
unlike the case of fossil fuel diesel, the environmental impacts 
of rape biodiesel can be reduced by various measures. Regional 
differences in the way energy plants are cultivated do have a 
relevant effect on the overall result. Changes in agricultural 
practices are expected to allow for larger improvements in the 
reduction of life cycle emissions of GHGs than industrial biodiesel 
production technology [178-182]. Improving agricultural prac- 
tices should also be an important focus for cleaner production of 
rapeseed biodiesel. These may include increasing soil carbon 
stocks, e.g. by conservation tillage and return of harvest residues 
to arable soils [178], and improving N-efficiency by precision 
farming [182] and/or improved irrigation practices [181]. 
An optimal ratio of energetic yield and low environmental impact 
can also be achieved through variety and crop rotation. These 


improvements lower the life cycle CO2 and N2O emissions. 
However, biodiesel is far from being a cost-efficient emissions 
abatement strategy [15]. 

Conventional LCAs, which mostly focus on situations which do 
not require diverting the productive capacity of land from alter- 
native uses, find that biodiesel reduces GHG emissions compared 
with fossil diesel. Without land-use change, European rape or soy 
biodiesel is estimated to generate GHG savings of about 50 g CO, 
eq/MJ (cfr. Table 35). Typical LCAs assign biofuels the gross benefit 
of using land, whereas they should only assign a net benefit. A net 
GHG benefit is most easily achieved by using waste carbon. 
Table 30 shows that cellulosic biofuels are predicted to have 
better GHG balances than temperate crops because of predictions 
of reduced growing inputs and energy needs in refining. 


6.2.3. Environmental profiles 

Whereas the accumulated non-renewable demand (CED) corre- 
lates with the GHG emissions, the situation is different for other 
environmental indicators. First-generation biodiesels do not offer 
environmental and human health benefits on all fronts. Actually, 
there are few biogenic energy carriers that give positive results both 
as regards GHG emissions and environmental LCA [87]. Used 
cooking oil (UCO) biodiesel is just an example. While Swiss rape 
biodiesel offers a GHG reduction of more than 35% as compared 
with the fossil reference (diesel, EURO3), there is a trade-off 
between minimising GHG emissions and lower total environmental 
impacts, as for most biofuels [87]. In particular, RME causes more 
emissions in the impact categories eutrophication and acidification 
compared with conventional diesel fuel [87,90], which is largely 
related to the growth of crops for biodiesel production. Environ- 
mental burdens, such as those reported in Fig. 3 [93], Fig. 5 [88] and 
Fig. 6 [84], which do not have a common denominator, can be 
expressed as one environmental index via normalisation using eco- 
indicators [183] or environmental impact points [110] to account for 
the total effects to the environment. Using such highly subjective, 
regionally and time specific weighing factors rape biodiesel was 
considered being less environmentally favourable than fossil fuel 
diesel in Belgium (1996) [92]. 

The Swiss method of ecological scarcity (UBP 06) allows for the 
assessment of the impacts generated by the release of pollutants 
and extraction of resources identified in a life cycle inventory 
analysis [110]. The method rates environmental impacts using an 
eco-points (EP) metric and permits impact assessment of life 
cycle inventories according to the “distance to target” principle. 
The ecological scarcity method weighs environmental impacts - 
pollutant emissions and resource consumption - by applying 
“eco-factors”. Eco-factors, expressed as eco-points per unit of 
pollutant emission or resource extraction (EP or Umweltbelas- 
tungspunkt pro Mengeneinheit), are the key parameters used by 
the method and should be determined for the current emissions 
situation. It is essential to update eco-factors regularly. Life 
cycle assessment of biogenic fuels is required explicitly by the 
Swiss Mineral Oil Tax Ordinance of 1 July 2008. As shown in 
Table 14, various alternative impact scenarios for domestic RME 
production in Switzerland by replacing edible rape oil lead to 
higher total environmental impacts than the production and use 
of fossil fuels [82]. 


6.3. Consequences of renewable energy action plans 


The amount of biofuels to be produced is a political decision 
and not determined by market trends. For instance, the US 
Renewable Fuels Standard (RFS2) has set a target of 36 Bgy of 
biofuels by 2022; a minimum GHG savings of 20% applies to 
conventional biofuels. The EU Renewable Energy Directive (RED) 


M.F. Milazzo et al. / Renewable and Sustainable Energy Reviews 18 (2013) 350-389 379 


includes a 10% energy target for the use of renewable sources (1st 
and 2nd generation) in road transport fuels by 2020 to be met by 
domestic production and imports [7]. South-east Asian countries 
have set their biofuel targets at similar high levels. 

As biodiesel production has grown in Europe since 2000, 
feedstock sources have included a large expansion of domestic 
rapeseed production, increased imports of soy and vegetable oil 
and decreased oil exports. The expansion in rapeseed production 
has come at the expense of land devoted to wheat and some other 
crops, and also in use of reserve lands for biofuel production. Early 
EC studies concerning the 10% of transport fuel requirement by 
2020 have initially ignored land-use change outside the EU 
assuming heavy reliance on EU set-aside lands and sourcing 30% 
from cellulosic ethanol by 2020 [184]. However, European set- 
aside lands are expected to decrease to 2-3 Mha reflecting high 
global agricultural demand. EU RED foresees incentives for 
biofuels made from wastes, residues, grasses, straw and lignocel- 
lulosic material. Second-generation biofuels are supposed to enter 
the market after 2015. According to another study meeting the EU 
target would require a land area from 20 to 30 Mha with half of 
its production located outside the EU [185]. 

According to EU RED biofuels should not be produced from 
raw material cultivated on land converted from high-carbon- 
stock or high-biodiversity areas, should comply with EU environ- 
mental sustainability criteria and should deliver a minimum level 
of direct GHG savings compared to fossil fuels (from at least 35% 
in 2009 up to 50% in 2017). Actually, it is auspicable and less 
discriminating that such sustainability criteria be extended 
beyond biofuels to all agricultural production [8]. Default values 
for life cycle GHG emissions from biofuels produced with no net 
carbon emissions from land-use change are given in Table 30. 
Actual values of GHG emissions can be calculated in accordance 
with Table 29 with the following disaggregated default values (for 
rape biodiesel): for cultivation (eec), 29; processing (ep-eee), 22; 
and transport and distribution (etd), 1 g CO2 eq/MJ [7]. Table 30 
shows that at present soybeans are not considered being RED 
compliant on the basis of the default value (31%; cfr. minimum 
legal requirement of 35%). Therefore, the soy biodiesel feedstock 
supplier needs to provide evidence of sustainability. Currently, 
still only rather few EU27 member states require sustainability 
certificates for biofuels and their feedstocks [22]. Without land- 
use effect all biofuels consumed in the EU in 2020 will meet the 
legal requirements of the RED threshold value of 50% direct 
savings compared to fossil fuel (cfr. Table 35). 

Biodiesel production is expected to account for about 16% of 
total vegetable oil consumption by 2020 as compared to 10% in 
the 2008-2010 period. By 2020, vegetable oil use for biodiesel 
production will amount to 48% of EU’s total domestic consump- 
tion [9]. At present, biofuels are estimated to account for about 9% 
of the total energy consumption in EU transport by 2020 [186]. 
The increased use of biofuels in the EU adds to the existing (and 
already increasing) demand for agricultural commodities. This 
increase can come from yield increases and expansion of agricul- 
tural land. It is necessary to have clear ideas about the feedstocks, 
production processes and land usage that will enable truly 
sustainable biodiesel production and avoid degradation of natural 
ecosystems [187]. According to RED, restrictions on the type of 
land that may be converted to production of biofuels feedstock 
crops only cover direct land-use changes (dLUC). The revised Fuel 
Quality Directive (FQD) includes identical sustainability criteria 
and targets a reduction in life cycle GHG emissions from transport 
fuels consumed in the EU of 6% by 2020 [12]. Developing a 
sustainable biofuels program requires careful consideration of 
unintended environmental impacts. Growth in biofuel production 
worldwide has severe consequences, notably indirect land-use 
changes (iLUC). 


According to an EU working hypothesis, out of the EU man- 
dated target of 10% renewable energy in road transport fuels by 
2020 a minor part (1.4%) may be expected to come from a variety 
of renewable energy sources such as electricity, waste products 
and 2nd generation biofuels. The main portion of EU consumption 
(8.6%), or 27.2 Mtoe, which corresponds to an additional con- 
sumption (mandate) of 15.5 Mtoe, is then on account of 1st 
generation biofuels. Implementation of the EU mandate is expected 
to result in an increase in the relative consumption of bioethanol to 
biodiesel (from the energetic ratio of 17/83 in 2008 to 28/72 in 
2020; cfr. Table 31); the bioethanol share in EU27 2009 amounted to 
19.3% [47]. Yet, in absolute terms the mandate involves greater 
development of biodiesel (+10 Mtoe from 9.7 to 19.7 Mtoe) than 
bioethanol (+5.5 Mtoe from 2.0 to 7.5 Mtoe). By 2020 the EU 
market will represent near 25% of the total global biofuel consump- 
tion compared to 12.4% in 2008 [29]; the EU market share for 
biodiesel will reach 69% as compared to 52% in 2008. EU biodiesel 
expansion will be met by a strong growth in palm biodiesel 
(Table 31) even if rapeseed remains the most used feedstock in 
absolute terms. Soy biodiesel will shrink as a result of EU import 
restrictions on US biodiesel since 2009 and the relative price 
increase of soybeans driven by Asian growth. 

Recently, (rape) biodiesel production in the EU has been con- 
solidating showing only restrained growth. As shown in Table 32, 
the EU additional mandate will lead to an increase of 37% in the 
global production share of biodiesel and an increase of 33% for rape 
biodiesel. Yet, the market shares for biodiesels remain much lower 
than that of bioethanol. Rapeseed oil remains the main biodiesel 
feedstock at the global level, followed by palm and soybean oil. 

Table 33 illustrates the shift in the EU production structure. 
Overall, EU biofuel production will increase from 10.1 Mtoe in 
2008 to 17.8/20.9 Mtoe (with/without trade liberalisation) in 
2020. For biodiesel, the share of processed rapeseed oil in the 
biodiesel sector falls from 78% to 64% under the competition of 
palm oil (from 10% to 19%). With full trade liberalisation, 
biodiesel will represent 92.5% of total EU biofuel production. 

The future biofuels demand requires more energy crops. The 
balance sheet of Table 34 shows the global consequences of 
the incremental EU demand for oilseed crops. The extent to which 
the additional demand for biofuels (as well as for food and feed) will 


Table 31 
EU consumption pattern by biofuel feedstock, percent. 


Feedstock 2008 2020 
Palm oil 4 9 
Rapeseed oil 57 51 
Soybean oil 20 9 
Sunflower oil 2 3 
All biodiesel 83 72 
All bioethanol 17 28 
After Ref. [29]. 
Table 32 


World production of biofuels by feedstock,* percent. 


Biofuel 2008 2020 
Rapeseed 4.55 6.03 
Palm fruit 2.66 4.15 
Soybean 2.83 3.45 
Sunflower 0.95 1.31 
Biodiesel 10.99 14.94 
Bioethanol 89.01 85.06 
After Ref. [29]. 


* Energy content. 
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Table 33 

EU biofuel production by feedstock,* percent. 
Feedstock 2008 2020” 
Rapeseed 62.04 44.37/59.58 
Palm fruit 7.55 12.87/16.96 
Soybean 6.52 7.45/9.90 
Sunflower 3.17 4.56/6.09 
Biodiesel 79.29 69.25/92.54 
Bioethanol 20.71 30.75/7.46 


After Ref. [29]. 


* Energy content. 
> No trade liberalisation/trade liberalisation. 


Table 34 
Global consequences of the incremental EU demand for oilcrops (kt).* 


Oilseed Biodiesel demand Additional supply Total demand 
displacement 
Rapeseed 4456.9 2474.4 -1982.5 
Palm 3850.6 5342.0 1491.4 
Soybean 2063.5 1270.8 -792.8 
Sunflower 933.3 1172.4 239.1 
After Ref. [29]. 


* No trade liberalisation scenario. 


be met by an increase in supply (e.g. land reallocation) depends on 
the feedstock crop. Almost 60% of the biofuel demand is met by new 
production. The remaining oil is displaced from other sources of 
demand. In some cases, this additional demand may not be matched 
by an additional supply. For rapeseed and soybean oil the additional 
demand is only partially matched by additional supply; for rapeseed 
the replacement ratio between additional supply and demand is 
78%, for soybean oil only 40%. Displaced rapeseed oil is replaced by 
all the other types of vegetable oils. Additional production of palm 
oil, and to a lesser extent, sunflower oil is larger than the demand in 
their respective biodiesel sectors. Their increased production also 
replaces rapeseed and soybean oils used for biodiesel production 
and not provided for by additional productions of these oilcrops. 
Overall only 10% of total vegetable oils is not replaced. A reallocation 
of production will result. The greatest concern with the rapid 
expansion of vegetable oils is with palm and soybean oil. Rapeseed 
expansion is considered being less problematic when confined to 
Europe where there is greater environmental control. However, 
increases in RME production are impeded by the restricted acreage 
of cultivable areas and by the implications of international trade 
agreements, limiting the substitution of imported soybean meal by 
rapeseed meal. The livestock sector plays a critical role in the biofuel 
dynamics. 

According to the European Biomass Action Plan [188] the 5.75% 
energy target by 2010 required about 17 Mha of cultivated land, 
or about 20% of the European tillable land. This (modest) biofuels 
target could not be met by domestically produced feedstock only. 
Future increased EU biofuel consumption will have to rely even 
more heavily on imports of feedstocks than on domestic sources 
because of land-use constraints and high costs [189]. Increasing 
consumption of domestically produced RSO for biodiesel uses is 
expected to lead to a considerably gap in the (increasing) EU food 
oil demand, resulting in increased imports of rapeseed (e.g. from 
CIS countries and India) and of other vegetable oils (notably palm 
oil) [27]. Main sources for EU27 rapeseed oil imports in 2009/ 
2010 were UAE, Russia and Belarus [22]. 

The trade consequences of the additional mandate scenario for 
the EU are as follows: biodiesel imports will triple from 0.8 Mtoe 


in 2008 to 2.6 Mtoe in 2020. In terms of feedstock effects, imports 
of rapeseed will increase drastically (+ 6.2 Mtoe). The imports of 
rapeseed oil, palm oil, and soybean (both oil and beans) and 
sunflower oil also increase, although to a lesser extent than 
rapeseed imports (totalling 4.7 Mtoe). Under trade liberalisation, 
the EU can grow more rapeseed, at the expense of sugar beet and 
cereals. Due to the strong biodiesel component in the mandate an 
increase in price for oilseed crops is forecasted. EU biofuels policy 
causes relative prices to change and relocates production. 

Out of about 13,418 Mha global land-use areas in year 2000 
some 1534 Mha are devoted to agricultural crops [190]. Land used 
to produce the feedstocks from the current 1st generation biofuels is 
about 2% of the crop area or about 27 Mha but bound to increase 
dramatically in view of the rapidly growing demand for biomass 
energy. There is general consensus that large amounts of land will 
be needed to produce biofuels by 2050 if aggressive biofuels plans 
are adopted globally, that tropical regions are important locations 
for growing biofuel feedstocks, and that pasture lands (broadly 
defined) will be a major source of lands used for biofuels [191]. In 
developed countries the area expansion is limited and the produc- 
tion increase is only caused by yield increase. However, growth rates 
of yields have gradually slowed during the last two decades. Regions 
where large areas of land are potentially available for biomass 
production are in particular North and South America, Central Africa 
and Oceania. 

The EU Strategy for Biofuels [192] indicates that Europe promotes 
production of raw material for biofuels in extra-European countries, 
although this determines another high degree of energy depen- 
dency. Energy independency is a declared objective of the EU to 
stimulate biodiesel production. Europe shifts the environmental 
burden of energy farming (pollution, soil erosion, reduction of wild 
and agricultural biodiversity, decrease in water resources and 
quality, deforestation) to outside the EU, in particular to natural 
habitats of global importance such as the Brazilian Cerrado and 
IndoMalay rainforests [193]. As to the impact on ecosystems, large- 
scale feedstock production could well lead to habitat and biodiver- 
sity losses [194]. Vegetable oil is a commodity that is associated 
with these problems. 

Large-scale production of biofuels (accounting for over 15% of 
total commercial energy requirement) is constrained both socio- 
economically and biophysically. In particular, the energy through- 
put per unit of labour ( < 250 MJ/h) is far below that achievable 
by the fossil energy sector (about 10,000 MJ/h) [14]. Obvious 
fundamental biophysical constraints on biodiesel production are 
that the soils and rainfall must support healthy production. 


6.3.1. Land-use effects 

Additional feedstock production affects land-use. During the 
2008-2020 period significant land-use changes, ie. area(s) trans- 
formed (land type and geographical location) as a result of crop 
consumption in a given region, will take place driven by additional 
food demand and non-food use. The question how an expanding 
bioenergy sector will interact with other land uses, such as food 
production, biodiversity, soil and nature conservation, and carbon 
sequestration, has been analysed insufficiently. Close attention needs 
to be paid to the economics of scarce land resources and the 
competition for land between food and energy crop production under 
stringest CO2 carbon policies. A framework for LCI modelling of land- 
use changes induced by crop consumption has been proposed [70]. 

Land-use change (LUC) is the most controversial and uncertain 
issue associated with biofuels [195]. Direct LUC (dLUC) occurs if 
previously uncultivated land is used to produce biomass feed- 
stocks. Typical dLUC scenarios are improved grassland, and low- 
or full-tillage cropland converted to rapeseed cultivation. Indirect 
LUC (iLUC) is associated with the displacement of an existing 
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agricultural activity. The critical questions revolve around indirect 
land-use. Distinction between direct and indirect uses of land for 
biofuels is usually economically meaningless. Land-use conse- 
quences of demand for a particular biodiesel feedstock generally 
depend on where that feedstock is produced most economically. 
Some LCA studies examined provide insights in how the expand- 
ing bioenergy sector interacts with other land uses (food/feed) 
[64,82]. The environmental impacts of local supply (rapeseed) vs. 
global supply of vegetable oil (palm oil) to the European market 
have been evaluated. Socio-economic consequences were also 
assessed (for Italy) [11]. 

Production of a specific crop may be enhanced by displace- 
ment of other crops (to be compensated for by production else- 
where), expansion of croplands or intensification of existing 
production [70]. Displacement is constrained by climate condi- 
tions, soil properties and crop rotation schemes. Displacement 
embodies the fuel vs. food/feed controversy. As demand for 
agricultural commodities is growing, part of that additional 
demand will be met through an increase in world arable land 
(presently ca. 1500 Mha cropland). Overall exploited land is 
forecasted to increase by 0.25-1.4%. Expansion of croplands - 
with high marginal costs — typically takes place at the expense of 
nature, but may also occur on land already transformed. Agricul- 
tural opportunities in highly populated areas (as in many Eur- 
opean countries) are restricted. This sets a limit to domestic 
growth. By diversifying crop rotations, the EU27 oilseeds area is 
expected to increase from 12 Mha in 2010 to 13.5 Mha by 2020. 
The additional EU biofuels mandate requires from 1.4 Mha [29] to 
5.2 Mha [189]. The EU does not have enough arable capacity on 
existing arable land area and set-asides to reach the 2020 biofuels 
target without increasing food imports. Actually, the global 
agricultural land-use of the EU already exceeds the domestic 
agricultural land by nearly 20% [187]. In recent years, croplands in 
Europe and USA have even been contracting by 1.7% and 1.1%, 
respectively. On the other hand, other areas (Argentina, Brazil, 
Canada and USA) are without much agricultural restrictions. The 
greatest cropland extensions are expected to occur in Sub Saharan 
Africa (SSA) (+18%), Brazil (+11%) and Central America (+7%), 
and South East Asia (+ 7%) [196]. Deforestation occurs mainly in 
South East Asia (-18% of primary forest) and Brazil (-10%). A large 
proportion of LUC in the biodiesel scenario is also due to 
expansion of rapeseed outside the EU, particularly in India. 

Increases in cropping intensity and yield growth per hectare 
(intensification) reduce the need for cropland expansion. Intensi- 
fication can be achieved through optimisation (application of 
fertilisers, pesticides and irrigation) or technological development 
(improved mechanical aids, agricultural practices and higher 
yielding crop strains). Optimisation of production is subject to 
diminishing returns: the higher the level of fertiliser, pesticide or 
irrigation, the lower the yield increase per unit of input (situation 
in developed countries). There exists an optimal level. Moreover, 
legal fertiliser and pesticide restrictions may apply such as a limit 
on organic N fertilisation of 170 kg/ha/yr in many EU countries [41]. 
The environmental consequences of increased domestic production 
of RME in Switzerland with displacement of edible rape oil (and 
imports of other vegetable oils) or feed barley have been evaluated 
[82]. Only increased agricultural production by intensification leads 
to lower GHG emissions and lower overall environmental impacts 
than the fossil reference. 

The European Union (EU) recognises that various uncertainties 
associated with indirect land-use change (iLUC) modelling remain 
to be addressed, which could significantly impact the results of 
biodiesel life-cycle studies [197]. Consequences of total land-use 
change - direct and indirect - of the European biofuels policy 
have been assessed for a mandate leading to an increase in global 
cropland area of almost 1.8 Mha [29]. The most affected regions in 


terms of cropland extension are considered being Latin America 
(in particular Brazil), CIS and SSA. Sources of extension of crop- 
land worldwide are pasture (42.8%), managed forest (37.4%), 
followed by savannah and grassland, including the Brazilian 
Cerrado (16.4%), and finally primary forest (3.4%), ie. almost 
80% within managed land (pasture and managed forest) [29]. 
The Gallagher review to RFA [8] suggests that no future bio- 
energy crops should be cultivated on agricultural land since this 
may displace food crops to pristine environments where other 
ecosystems could be threatened. Idle or marginal lands should be 
used instead. Residues from agriculture and forestry, together 
with those from the human food chain, offer the only source of 
bioenergy that does not require land-use change additional to 
that required for food production itself. 

With increasing demands for biofuel feedstocks it is important 
to know how much of this demand is met by additional produc- 
tion and how much is displaced by other uses. Expectations are 
more than 80% of increased production of key oilseeds and sugar 
crops will come from extensification (additional land) rather than 
from intensification (higher yields). For rapeseed in the EU this 
figure is even 90%. Within the EU, cropland extension on account 
of the mandate remains below 6% of global value, representing 
less than 0.15% of EU cropland. The increase in demand for 
biodiesel leads to an extension of the land area needed for oilseed 
production at the expense of land for bioethanol feedstocks and 
other crops. Within the EU, the land area increases mainly for the 
production of rapeseed (+870 kha) and, to a lower extent, sun- 
flower (+220 kha). Rapeseed production displaces EU cereals 
(wheat, corn), other oilseeds and vegetable fruits. Without trade 
liberalisation, the extension of oilseeds (rapeseed, sunflower) and 
the relocation of cereals production dominate the global pattern, 
leading to the concentration of most land-use changes in CIS 
countries (e.g. Ukraine). Under the trade liberalisation scenario, 
Brazil experiences the highest increase in terms of cropland. The 
effects of 2nd generation biofuels on land-use changes are 
currently unknown and need further modelling. It is not unrea- 
sonable to suppose that the problem of land scarcity will be 
alleviated by future biomass-based technologies which make use 
of the entire plant instead of only the oil-rich parts of oilcrops. 

The land requirement for biodiesel production varies consid- 
erably for different oilseeds due to different crop yields and oil 
content. Typical best values for oilseed rape are 1150-1200L 
biodiesel/ha [198,199]. Assumptions about land availability and 
fertility and rapeseed yields are central to the total rape biodiesel 
potential. The vast differences in yields between different types of 
land make an estimate of the additional arable land needed to 
reach the Biofuels Directive target difficult. Ecofys quoted a 
4.9 Mha of land-use change extra-EU to meet a 7% energy target 
[200]. Typical yields of expanded (usually less fertile) land are 
below average. The supply increase for rapeseed is expected to be 
driven mainly by land-use (91% EU; 86% world) and only margin- 
ally by yield increase through fertilisers (1% EU; 6% world). Even 
without changing the amount of fertiliser per hectare, technolo- 
gical progress leads to higher production per hectare and to less 
fertiliser by unit of production. However, the consequences on 
direct savings are limited and of the order of 0.03 g CO- eq/MJ for 
soybean (a crop with low N fertiliser intensity) and 0.28 g CO2 eq/ 
MJ for rapeseed. 

Agricultural products are subject to international trade, and 
consequently, the geographical scope is global. While feedstock 
(or biodiesel) can be imported into the EU, this will raise costs and 
contribute to transport energy consumption and emissions. 
Transportation and trade costs might make intensification more 
attractive than imports in regions without possibilities for crop- 
land expansion (EU). Higher yields help to reduce the amount of 
land required to cope with additional crop demand. Globally, 
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production is shifting from developed countries (with high input 
levels) to emerging countries using less intensive techniques and 
reduced average use of fertilisers. In conditions of initial lower 
fertiliser use rates, more intensification can be achieved through 
additional fertiliser (up to 20% for rapeseed). The intensification 
potential for the traditional rapeseed crop is quite low in the EU, 
where much effort has already been devoted to plant breeding 
and cultivation method development, and is not expected to lead 
to considerable yield increases. Table 1 shows yield projections 
for rapeseed by 2020. For rapeseed the average yield for new 
production is 3.35 t/ha. 


6.3.2. Land emissions 

Serious concerns have been expressed about the negative 
environmental impacts of the unintended consequences of biofuel 
production, particularly the indirect land-use change (iLUC) 
impact of releasing more carbon emissions as forests and pristine 
lands are converted to cropland due to biofuel expansion. One of 
the problems is that iLUC is a phenomenon that is impossible to 
directly observe or measure. Consequently, estimated land-use 
change can never be validated. Although the scale of effects of 
iLUC is uncertain the effect can potentially lead to a significant net 
increase in emissions and reduces or even totally eliminates the 
GHG benefits of biodiesel. Quantification of GHG emissions from 
land-use change requires knowledge on the type of crop that has 
been displaced, the type of land-use change that occurs as a 
consequence of the displaced crop, and the amount of carbon 
released arising from land-use change. GHG emissions from LUC 
change vary widely between specific location and biomass and 
stem both from above ground carbon (in forests, savannahs and 
wetlands) and below ground carbon (in soil and roots of tempe- 
rate grasslands). Different LUC scenarios strongly affect the 
average and uncertainty range of total GHG emissions for biodie- 
sel even more than for bioethanol [47]. IPCC provides some 
guidance on the estimation of direct impacts (e.g. the conversion 
of forest or grassland to annual or perennial biofuel crops) based 
on climate zone, ecological zone or soil type [201]. 

The prospects of large-scale biodiesel production requires 
extensive modelling of the interactions between bioenergy, food 
and materials production (competition for resources), biodiver- 
sity, soil and nature conservation. Various EU-initiated studies 
have evaluated the environmental consequences of global land- 
use change as a result of the realisation of the renewed 2020 
biofuel targets in terms of GHG emissions [29,186,189,202-206]. 
iLUC impacts depend strongly on base assumptions in modelling, 
including yields, food/feed consumption, land classification, car- 
bon stock values, and geographical origin of the feedstock. 
Different assumptions have been made as to the total share of 
biofuels for road transport by 2020 (up to 8.6% in energy), the 
amount of advanced biofuels (up to 1.5%), as well as the biodiesel/ 
bioethanol ratio (from 83/17 to 55/45). The latter ratio strongly 
affects the iLUC impact with average emissions of 18 and 45 g CO3 
eq/MJ for ratios of 55/45 and 75/25, respectively, in a scenario of 
5.6% conventional and 1.5% advanced biofuels [186]. These values, 
which are to be summed to the crop-specific GHG emissions for 
rapeseed of about 44 g CO2 eq/MJ, denote the clear inferiority of 
biodiesel - whether generated in EU or USA - as compared to 
sugarcane ethanol in terms of environmental impacts. Sugarcane 
also has a high energetic efficiency (~ 8:1). An increase in 
biofuels consumption in the EU of 17.8 Mtoe was prospected 
(mostly from EU27 domestic biodiesel and import of bioethanol 
from Brazil) [204]. iLUC emission coefficients increase with the 
size of the EU mandate and rapidly erode the environmental 
sustainability of biofuels. Of overriding importance in the GHG 
emission estimates is the proportion of forest converted to 


cropland with estimates ranging from 5% to 36%, as well as the 
impact of peatland. There is also little consensus on the attribu- 
tion of total cropland area subject to indirect land-use change for 
2020; estimates range from 242 to 1928 kha/Mtoe of biodiesel 
[186]. Most of the EU modelled scenarios project that the largest 
share of LUC for biodiesel will occur outside the EU. Edwards et al. 
compared iLUC results produced by different economic models 
for marginal increases (1 Mtoe) in biofuel production from dif- 
ferent feedstocks [203]. 

Laborde has assessed land-use change consequences of the 
European biofuels policy for various trade scenarios assuming 
consumption of 27.2 Mtoe 1st generation biofuels (biodiesel/ 
bioethanol in 72/28 ratio) by 2020 (or 86% of target), which 
requires a 15.5 Mtoe additional mandate [29]. The 1.8 Mha LUC 
would take place mainly within managed land (80%) with one- 
third of total emissions on account of peat soil (at 55 t CO2 eq/ha/yr). 
Peatlands are high-risk emission locations. Land emissions over a 20 
year period, induced by the additional EU biofuels mandate, are 
about 39.1 g CO, eq/MJ biofuel for full mandate but even still 34.5 g 
CO- eq/MJ for half mandate, denoting non-linearity. Total amount of 
emissions is about 500 Mt COp. There are large differences between 
the LUC effects of biodiesel feedstock and ethanol crops. LUC 
emission coefficients at the mandate level are on average 54.3 g 
CO, eq/MJ for biodiesel feedstocks and 11.1 g CO eq/MJ for bioetha- 
nol feedstocks. Differences in LUC emissions for oilseeds are small 
(Table 35). Among vegetable oils sunflower appears to be the best 
feedstock in terms of LUC emissions whereas soybean shows the 
highest emission coefficient. Rapeseed is close to oilseed average 
(54.2 g CO- eq/MJ). Rapeseed LUC emissions are reduced by only 8% 
if the additional EU mandate is halved [29]. For another alternative 
scenario, namely a biodiesel/bioethanol ratio of 55/45 and a 5.6% 
mandate instead of 8.7%, an average LUC emission coefficient for 
biofuels of 17 g CO2 eq/MJ was derived (peatland emissions not 
included) [204]. 

As shown in Table 35, with improved technology and yields all 
biofuels qualify for the EU sustainability scheme that requires 
direct savings of at least 45 g CO2 eq/MJ or 50% of fossil fuel 
emissions. On the basis of improved 2020 technology (i.e. new 
plants) with annual direct savings of 57 g CO eq/MJ (20 years) 
and annual LUC emissions of 38 g CO2/MJ net emission savings of 
19g CO, eq/MJ of biofuel consumption are calculated for the 
additional EU mandate (no change in trade regime). In other 
words, land-use change emissions prevail over direct emissions of 
methane and nitrous oxide from agricultural systems and cancel 


Table 35 
Estimated biodiesel emissions and savings (g CO2 eq/MJ) in 2020 for additional EU 
mandate.? 


Biofuel Direct savings? LUC emissions‘* Net savings‘ 
Rapeseed 50 54(67) -4(-17) 
Sunflower 58 52(61) 6(-3) 
Soybean 45 56(71) -11(-26) 
Palm fruit* 58 54(85) 4(-27) 
Biodiesel/bioethanol4 57 38(50) 19(7) 

In percentage of GHG savings? 
Rapeseed 55 60 -5 
Sunflower 64 58 6 
Soybean 50 62 -12 
Palm fruit" 64 60 4 
Biodiesel/bioethanol? 63 42 21 


After Refs. [29, 206]. 


* For trade policy status quo. 

> Based on improved technology and yields in 2020. 

€ In parenthesis effects of added revised peat emissions [207]. 
4 Biodiesel/bioethanol ratio 72/28. 

€ With a 90.3 g CO, eq/MJ reference for fossil fuel. 

Methane capture at mill technology. 
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almost two-thirds of the total direct emission savings for the 
entire EU biofuels mandate. The emission savings of shifting from 
fossil fuels to renewable biofuels are even totally annihilated by 
LUC emissions for most biodiesel feedstocks (Table 35). The 
overall mandate will thus not achieve the intended saving of 
over 50% compared to fossil fuels. 

Biodiesel crops generate very low net emissions savings or even 
positive emissions by MJ of biofuel. Among biodiesel feedstocks, only 
the most costly vegetable oil (sunflower) and most competitive oil 
(palm oil) generate small net emission savings (6 and 4 g CO, eq/MJ, 
respectively), less than 6% of the fossil fuel comparator. For palm oil 
it is a requirement that all the additional production is manufactured 
in installations equipped with methane capture facilities. For rape- 
seed, in order to achieve net emission savings it is crucial that 
biodiesel processing technology is improved and that direct savings 
increase. For instance, with a 66% direct savings (60 g CO2 eq/MJ) 
the rape biodiesel pathway may contribute to emissions reduction 
(cfr. Table 35). As intensification of production per unit of land area is 
not expected to lead to a large yield increase, only more extensive 
land-use is the main source of increased supply. Net emissions 
reduction over 20 years is only achieved by ethanol crops, and at a 
much lower level by sunflower and palm oil for biodiesel. 

The most important sources of CO emissions are peatlands 
(34%), managed forest (31%), carbon in mineral soil (30%) and 
primary forest (5%), given the share of biodiesel and vegetable oils 
in the EU biofuels market. Peatland is associated with palm oil 
production in tropical countries where it plays a critical role and 
contributes up to 70% of crop specific LUC emissions in palm oil 
production. About 30% of palm plantation expansion in South East 
Asia takes place on peats, which are strong GHG emitters [203]. 
As all vegetable oil markets are strongly integrated, palm oil plays an 
important role as a biodiesel feedstock (as well as for hydrodiesel) in 
the EU and in the IndoMalay region and/or as a replacement for 
vegetable oils displaced from other uses. Although some vegetable 
oils are not replaced by their own kind, they are replaced by other 
vegetable oils, thus not leading to true savings on emissions. 
The breakdown of crop specific annual carbon release for rapeseed 
from various sources is as follows: forest biomass, 22; carbon 
mineral soils 17; and palm extension on peat lands, 15 g CO, eq/MJ. 

Malins has reported the most recent update of modelling of iLUC 
emissions from the additional EU biofuels mandate (biodiesel/ 
bioethanol 72/28) [206]. About 41% of the modelled mandate was 
attributed to rapeseed with the additional vegetable oil demand for 
rapeseed being met for 78.2% by rapeseed oil supply and for 21.8% 
by palm oil/other oils. In view of the reported high peat oxidations 
from the IndoMalay region (from 19 to 115 t CO, eq/ha/yr) a more 
realistic estimate for the carbon emissions from degraded peatland 
under palm cultivation (annualised over 20 years) was used 
(106 t CO2/ha/yr [207] instead of the previously used underestimate 
of 55 t CO2/ha/yr [203]). This raises the carbon intensity for biofuels 
in the EU mandate by another 12 g CO, eq/MJ from 38 to 50 g CO2 
eq/MJ on average, thus further increasing the net emissions reported 
in Table 35. This greatly reduces the prospects for the EU biofuels 
mandate to deliver net climate change mitigation benefits. More 
specifically, the carbon intensity of large-scale production of rape- 
seed increases by 12 g CO, eq/MJ to a total of 106 g CO, eq/MJ. 
With the added iLUC from peat emissions sunflower oil is the best 
and palm oil the worst biodiesel feedstock for total biodiesel 
emissions [206]. With the revised peat emissions biofuels (biodie- 
sel/bioethanol) to meet the mandate would have an average carbon 
intensity (CI) of about 87.5 g CO- eq/MJ, higher than the fossil fuel 
comparator from the RED (83.8 g CO2 eq/MJ). All biodiesels are 
considerably worse (cfr. Table 35). Biodiesel from rapeseed, soybean 
and palm oil have negative GHG savings when added iLUC is 
included, with sunflower being almost neutral. Only bioethanol has 
the potential to deliver savings of over 50%. An important constraint 


for biodiesel production as compared to bioethanol is its considerably 
greater need for land-use. With the overwhelming effect of land-use 
changes it is doubtful that technological improvements for biodiesel 
production will ever be able to compensate the net emissions losses. 

Various other approaches have been reported for estimating 
potential GHG impacts from indirect land-use change: partial 
equilibrium modelling [1] and the use of iLUC factors [208]. Also 
the iLUC factor approach suggests no net savings for rape 
biodiesel. Although the EU Renewable Energy Directive contains 
proposals to restrict the conversion of certain land types for 
biofuel feedstock this has not been extended to restrict indirect 
land-use change. 

GHG emissions caused by indirect land-use changes should be 
minimised. When land for feedstock production is expanded in 
pristine environments (or even managed forest/pasture) it would 
have different consequences for different regions depending on 
their carbon stocks. The GHG emission criterion implies that 
direct use of carbon-rich lands is generally inappropriate for 
biodiesel. Different feedstocks will have different implications 
for different regions. Emissions from set-aside land put in pro- 
duction reduce by approximately half the savings of oilseed rape 
biodiesel compared to feedstock grown on existing agricultural 
land. GHG savings are better where biocrops are grown on 
rotational rather than permanent set-aside or fallow land [8]. 
Avoiding excessive tillage can also preserve soil carbon. Where 
feedstock production requires the dedicated use of land, a 
significant net gain in GHG emissions is likely only if the land is 
otherwise marginal from a carbon perspective. This means it 
neither sequesters significant storage nor produces significant 
food, yet it produces biofuel feedstocks abundantly. This typically 
implies land wet enough to support high plant growth but 
degraded and unproductive for other reasons. For lands with a 
low soil carbon content (e.g. which has been in use recently or has 
not been fallow for very long) good net GHG savings and 
relatively short payback periods are possible. Use of degraded 
grasslands or marginal lands for energy crop production could 
avoid impacts related to LUC and reduce GHG emissions [31]. 
It has been estimated that the human food market increases the 
LUC effect by 15-20% for most oilseeds [29]. 


6.3.3. Biofuel policy issues 

Biofuels policy is the most significant demand driver for 
rapeseed; biofuels use accounts for about two thirds of total 
EU27 rapeseed oil consumption 2011/2012 [22]. 

Uncertainty regarding cropland extension in the EU is very 
limited. EU capacity to intensify crop production (yield increase) 
or to free pasture land (livestock intensification) is limited overall. 
The only crop for which EU cropland extension is a source of 
significant uncertainty is rapeseed. At the world level, however, 
uncertainties are much stronger. Most of the uncertainty affecting 
the LUC effects of the EU biofuels policy concern the rest of the 
world. This leaves little control to EU policymakers. 

The LUC effect cancels the environmental benefit of the EU 
biodiesel policy. This calls for a mitigation strategy. In all fairness, 
however, it should be considered that biodiesel production- 
related emissions are no more adverse than those generated by 
other agricultural productions, but they are additional. Ethanol 
carries considerable lower risk of land-use emissions than bio- 
diesel. This implies that the EU should benefit from a more 
equilibrated bioethanol/biodiesel ratio. 

The biofuel policies increase the price of energy contents in 
crops (oils and sugar) but lead to a relative reduction of the price 
of proteins (meal). The policy provides a premium to oils and fats. 
The biofuels policy causes the relative prices to change and 
therefore reallocates production. 
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Large-scale use of biofuels and in particular biodiesel is increas- 
ingly being questioned. Many of the attributed benefits of biofuels 
are being re-examined. Production of almost 7.2 EJ of biofuels by 
2020 would require almost 83 Mha (yielding on average 86 GJ/ha). 
Production of biodiesel from oilseeds is less favourable as 25 Mha 
are needed to produce just 0.75 EJ of biodiesel [187]. The Interna- 
tional Energy Agency is particularly sceptic regarding the future of 
1st generation biofuels such as rape biodiesel which can contribute 
to pressures on food supplies and have a relatively low potential for 
the reduction of GHG emissions. Biodiesel from oilseeds is expected 
to be phased out by 2050. 


7. Optimised rape biodiesel 


Apart from sustainability requirements, future rape biodiesel 
also needs to meet several new property demands to ensure its 
usability in the long term as a neat biodiesel for trucks or as a 
blend in passenger cars [209]. Rapeseed methyl ester (RME) is 
currently not compatible with diesel particulate filters and 
releases for B100 have been withdrawn. Moreover, at present 
RME may also not be considered as an optimal prospective fuel in 
view of its sharp boiling curve which is less beneficial for good 
fuel ignition and combustion in the cylinder. The boiling char- 
acteristics of RME probably limit its further usability in high-tech 
engines complying with the forthcoming Euro VI exhaust gas 
regulations in 2014. The boiling line needs to be adapted to future 
engines with lower compression ratios and a more homogeneous 
fuel-air charging. It is important to lower the boiling curve by 
higher shorter chain length (C12-C16) levels, without compro- 
mising the oxidative stability. Redesign of the ideal fatty acid 
profile requires plant breeding but blending with palm kernel or 
coconut methyl esters should also be considered, certainly at 
short term. Also the phosphorus and metal contents of future 
biodiesels are likely to become significantly lower than the 
present specification limits according to EN 14214. This requires 
improvements in transesterification processing. Finally, RME also 
faces competition from hydrogenated vegetable oil (HVO), which 
has several chemical and physical advantages. In Germany, 
blending fuel with almost 7% biodiesel and 3% HVO is foreseen 
[210]. Improvement of RME is urgently needed. 


8. Conclusions 


On balance, general conclusions drawn from rape biodiesel 
LCAs are as follows. A basic factor in the use of energy crops is the 
application of rational techniques. Techniques can contribute to 
reducing inputs and increasing outputs. However, in most situa- 
tions, inputs (machinery, fertilisers) cannot be decreased beyond 
certain limits. The balance then depends on outputs. When 
energy gain and ratio are low a crop is not valid as an energy 
crop, but should find other use (food or feed). 

Biodiesel is a niche fuel with its production capacity being limited 
by land area constraints, not by energy input. Biodiesel production 
needs to be sustainable. The fossil energy and GHG savings of 
conventionally produced biodiesel are critically dependent on culti- 
vation/manufacturing processes and the allocation of by-products. 
LCAs of country-specific and feedstock-specific biodiesel pathways 
assist in suggesting improvements in specific biodiesel pathways in 
order to comply with international sustainability criteria. More 
sustainable production of biodiesel requires above all improving 
agricultural practices. These may include reduction of soil erosion 
and increase in soil carbon stocks, e.g. by conservation tillage, return 
of harvest residues and improving N-efficiency by precision agricul- 
ture and/or improved irrigation practices. High yielding legumes 


should be integrated into crop rotation. The environmental impact of 
RME production can further be diminished by use of higher yield 
rapeseed species, better fertiliser management (increased organic 
fertiliser), application of less toxic herbicides, improved drying, 
crushing and oil extraction practices, and use of fuel-efficient 
agricultural machinery. Advanced seed preservation technology 
reduces the total energy consumption [59]. Biotechnology offers 
opportunities for reducing environmental impacts. Nitrogen Use 
Efficiency (NUE) canola is a recent development. 

The use of RME instead of fossil diesel fuel produces environ- 
mental advantages as well as disadvantages. Produced in limited 
quantities RME is beneficial with respect to energy conservation 
and reduces the greenhouse effect but is detrimental regarding 
acidification, nutrification of soils and surface water and ozone 
depletion, and indifferent for the impact category photo smog. In 
scenarios of high biodiesel mandate rapeseed specific LCA results 
are overshadowed by crop iLUC effects. Biodiesel may have 
considerably higher GHG emissions than petrodiesel if the most 
severe land-use change scenario (peatland converted to biocrop 
cultivation) is considered. In view of the overwhelming impact of 
iLUC contributions to the total GHG emissions legally imposed 
environmental sustainability targets can only be met by mini- 
mising land-use impacts (2nd generation biofuels) or by consid- 
erable reduction of direct emissions; for the latter, this survey has 
identified many options in the agricultural stage. Rapeseed may 
only achieve net emission savings if its processing technology is 
improved and direct savings as compared to fossil fuel increased. 
There is an urgent need for new technology that is more energy 
efficient and improves the overall life cycle analysis of biodiesel 
production. Technological improvements range from new cata- 
lysts (heterogeneous, lipase) to process intensification, alternative 
reactor concepts and separation technologies, but all is work-in- 
progress and comes at a price [160,211,212]. GHG emission 
reductions always entail costs [152] and higher costs of biofuels 
impair their profitability. Large part of the present excess biodie- 
sel nameplate capacity risks staying idle forever. 

Biofuels should be promoted in a manner that encourages 
greater agricultural productivity and the use of degraded land. 
Additional land-use and biomass production for non-food purposes 
will have to be most efficient. Without further action the current 
European biofuels policies do not deliver any net GHG benefits. 
Corrective action may consist in modifying the minimum GHG 
emissions saving. The renewable energy mandate should be revised 
downward. A mitigation strategy for European biodiesel is neces- 
sary, as already set out in the Gallagher review [8]. The clear 
hierarchy between bioethanol and biodiesel in terms of LUC emis- 
sions calls for a larger share of bioethanol in biofuels policies, in 
particular in Europe. Sugar beet/cane alcohol is economically a more 
efficient product than biodiesel and leads to higher emission 
savings. Measures to shift the demand from biodiesel to bioethanol 
have already been recommended [206]. This could be achieved by 
raising the direct GHG savings threshold. 

In terms of land-use (and consequent agrochemicals applica- 
tions) rapeseed and soybean cultivation is to be preferred over 
sunflower for biodiesel production [83], although this is not true if 
large-scale GHG emissions due to land-use change are considered. 
Anyway, the potential of domestic European bioenergy based on 
rape biodiesel is limited. Expanding agricultural energy production 
may lead to land-use conflicts with other land uses such as food 
production or the conservation of natural areas. For crops har- 
vested from land already in production life cycle GHG emissions of 
rape biodiesel are 45% of those of diesel fuel. Converting intact 
ecosystems to production would result in reduced GHG savings or 
even net GHG release from biodiesel production. However, exten- 
sivation not always incurs in disturbing carbon sinks such as 
peatlands and tropical forests. Rape biodiesel would provide 
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greater benefits if its biomass feedstock were produced with lower 
agricultural input (ie. less energy, fertilisers, and pesticides) on 
land with low agricultural value, and requires low-input energy to 
convert feedstock to biofuel. Any solution to improve biofuel yield 
without more emissions (e.g. no additional fertilisers) is welcome. 
However, this is unlikely to deliver positive effects on land-use 
already by 2020. Use of improved agricultural practices aiming at 
reducing emissions, e.g. low tillage, may deliver quick improve- 
ments. Using low-carbon agricultural practices and technologies to 
increase yield (e.g. biotech) could mitigate the emissions linked to 
land-use changes by reducing the requirement of additional land. 
Existing EU biotechnology regulations need to be challenged. The 
real challenge, however, lies in implementation of low-carbon 
agriculture in the coming decades with good governance of scarce 
land resources, i.e. sustainable agriculture at the global level. Local 
expansions of cultivated area on set-aside land are preferable to 
displacement of crops which are compensated for by increased 
agricultural production abroad [64]. International monitoring 
capacities for land-use practices need to be improved. 

The limit of sustainable production of rapeseed biodiesel is 
within sight. Biodiesel presents a scale-up problem both in terms 
of land area requirement and in the allocation of the energy 
inputs to co-products. Allocations applied for small-scale produc- 
tion (as assumed in most LCAs), where the by-products can 
replace other similar products, do almost certainly not apply on 
a very large scale. Sustainable long-term production of rape 
biodiesel requires complementary socio-economic assessment. 
Based on this review, it is not possible to establish whether a 
large-scale rapeseed supply for energy is an attractive option for 
climate change mitigation in the energy sector in the long run. 
First, there is insufficient insight in how the expanding biodiesel 
sector will interact with other land uses. Moreover, the socio- 
economic consequences of a global large-scale expansion of 
biomass use for energy are still obscure [213]. Future studies 
should thus not assess the prospects for (rape) biodiesel in 
isolation, but instead adopt a broader approach where several 
land-use based mitigation options are considered as well as socio- 
economic goals. However, biodiesel at large is not a cost-effective 
GHG emissions abatement strategy [15] and also the energy 
throughput per unit of labour of biodiesel (cfr. Table 2) is far 
from satisfactory [14]. 

Some additional problems lie ahead of rape biodiesel. RME is 
currently not suitable for diesel particulate filters [209]. More- 
over, the boiling characteristic of RME is a problem that pre- 
sumably limits its further usability in Euro VI engines (2014). Its 
fatty acid profile requires optimisation. The phosphorus and 
metal contents of future biodiesel must become significantly 
lower than the actual specification limits. 

Supply of land is tight and areas of land left for beneficial 
environmental use for biofuels are necessarily restrictive [191]. 
New croplands can be developed in the tropics, where biodiver- 
sity values are high. Rates of deforestation in parts of South 
America, Africa and South-East Asia should be slowed down and 
halted. From an environmental standpoint, there are few areas 
where biofuels are an acceptable use of land given the alternative 
uses. Advances in high-yield agriculture reduce the need to 
convert forests to farmland [112]. As suitable areas for biofuel 
production are likely to be remote from the main energy demand 
centres, long distance transportation may result with associated 
costs and environmental impacts. 

The way forward is to transform biomass into energy in an 
efficient and environmentally friendly way, while reducing con- 
sumption and increasing energy efficiency. Food-based biofuels 
such as rape biodiesel can meet but a small portion of transporta- 
tion energy needs. While feedstock availability is a barrier to rape 
biodiesel development, economic drivers are equally of critical 


importance. As irrigation for biodiesel production is rarely accep- 
table, biodiesel production should be favoured on lands wet 
enough to support substantial production but that are not serving 
other valuable needs (‘degraded’ lands). A genuinely sustainable 
biodiesel industry requires that the risks of indirect effects are 
significantly reduced by setting lower targets, by ensuring that 
feedstock production takes place on idle or marginal lands (i.e. 
lands of low competition), and/or by encouraging technologies 
that utilise noncrop-based feedstock (such as wastes or algae). 
These measures reduce pressure for land-use change. Also the 
energy balance (and possibly cost competitiveness) of biodiesel 
can be improved by use of low-input biomass, by-products 
(tallow) or waste products (cooking oils). 

The future of biodiesel lies in the use of non-edible energy 
crops grown on degraded land or requiring no land-use. The 
availability of these feedstocks (jatropha, algae) is still limited. 
With time, the bioenergy situation will change dramatically once 
the production of cellulosic ethanol becomes commercially viable. 


References 


[1] Searchinger T, Heimlich R, Houghton RA, Dong F, Elobeid A, Fabiosa J, et al. 
Use of US croplands for biofuels increases greenhouse gases through 
emissions from land-use change. Science 2008;319:1238-40. 

[2] Royal Society. Sustainable biofuels: prospects and challenges. London: Royal 
Society; 2008. 

[3] Eurostat. Energy pocket book 2007. Part 4. Energy, transport and environ- 
ment indicators. Luxemburg: Eurostat; 2007. 

[4] Knothe G. Introduction: what is biodiesel? In: Knothe G, Van Gerpen J, Krahl 
J, editors. The biodiesel handbook. Urbana, IL: AOCS Press; 2005. p. 1-3. 

[5] Morris RE, Pollack AK, Mansell GE, Lindhjem C, Jia Y, Wilson G. Impact of 
biodiesel fuels on air quality and human health. Rept. NREL/SR-540-33793 
to National Renewable Energy Laboratory (USA); 2003. 

[6] Lamers P. (UFOP, editor). International biodiesel markets. Berlin: UFOP- 
Schriften; 2011. 

[7] Directive 2009/28/EC of the European Parliament and of the Council of 23 
April on the promotion and use of energy from renewable sources and 
amending and subsequently repealing Directives 2001/77/EC and 2003/30/ 
EC. OJ European Union; 5 June 2009. L140: 16-62. 

[8] UK Renewable Fuels Agency. The Gallagher review of the indirect effects of 
biofuels production. St. Leonards-on-Sea (UK): RFA; 2008. Available online 
<http://www.dft.gov.uk/rfa/reportsandpublications/reviewoftheindirectef 
fectsofbiofuels.cfm >. 

[9] OECD-FAO Agricultural outlook 2011-2020. Paris: OECD-FAO; 2011. 

[10] <http://www.oecd.org/datnoeed/40/25/39266869.pdf>. 

[11] Russi D. An integrated assessment of a large-scale biodiesel production in 
Italy: killing several birds with one stone? Energy Policy 2008;36:1169-80. 

[12] Directive 2009/30/EC of the European Parliament and of the Council of 23 
April 2009 amending Directive 98/70/EC as regards the specification of 
petrol, diesel and gas-oil and introducing a mechanism to monitor and 
reduce greenhouse gas emissions and amending Council Directive 1999/32/ 
EC as regards the specification of fuel used by inland waterway vessels and 
repealing Directive 93/12/EEC. OJ European Union; 5 June 2009. L140: 88. 

13] Canola Council of Canada, Canola-based biodiesel can help the environ- 

ment. Winnipeg, MB: Canola Council of Canada; 2006. Available online 

<http://www.canola-council.org/biodiesel/17016environment.pdf>. 

14] Giampietro M, Ulgiati S, Pimentel D. Feasibility of large-scale biofuel 

production; does an enlargement of scale change the picture? BioScience 

1997;47(9):587-600. 

15] Frondel M, Peters J. Biodiesel: a new oildorado? Energy Policy 2007;35: 

1675-84. 

16] Reijnders L, Huijbregts MAJ. Biogenic greenhouse gas emissions linked to 

the life cycles of biodiesel derived from European rapeseed and Brazilian 

soybeans. Journal of Cleaner Production 2008;16:1943-8. 

17] Hill J, Nelson E, Tilman D, Polasky S, Tiffany D. Environmental, economic 

and energetic costs and benefits of biodiesel and ethanol biofuels. Proceed- 

ings of National Academy of Sciences U.S.A. 2006;103:11206-10. 

18] Pimentel D, Patzek T. Ethanol production using corn, switchgrass, and 

wood; biodiesel production using soybean and sunflower. Natural 

Resources Research 2005;14:65-76. 

19] Chen H, Chen GQ. Energy cost of rapeseed-based biodiesel as alternative 

energy in China. Renew Energy 2011;36:1374-8. 

United States Department of Agriculture (USDA). New method simplifies 

biodiesel production. Washington, DC: USDA; 2005. Available online 

<http://www.ars.usda.gov/is/AR/archive/apr05 /diesel0405.htm >. 

Rowe RL, Whittaker J, Chapman K, Howard D, Taylor G. Can biofuel be 

sustainable in the UK? A systematic review of life cycle analysis for 

bioenergy and biofuels London: UKERC; 2008 Available online. 


20 


21 


386 


26 


27 


28 


29 


[30 


[39 


[40 


[41 


[42 


[43 


[44 


45 


46 


47 


48 


49 


50 


[51 


[52 


[53 


M.F. Milazzo et al. / Renewable and Sustainable Energy Reviews 18 (2013) 350-389 


22] USDA Foreign Agricultural Service. Oilseeds and products annual. GAIN Rept 


No E60016; April 2011. 


23] <http://www.indexmundi.com/agriculture/?commodity=rapeseed-oil >. 
24] Food and Agricultural Policy Research Institute (FAPRI). US and world 


agricultural outlook. Iowa State University/University of Missouri; 2006. 


25] Lamers P, Hamelinck C, Junginger M, Faaij A. International bioenergy trade - 


a review of past developments in the liquid biofuels market. Renewable & 
Sustainable Energy Reviews 2011;15:2655-76. 

Eurostat. Data explorer - EU27 trade science 1995 by CN8. Brussels: Eurostat; 
2011. 

Rosillo-Campo F, Pelkmans L, Walter A. A global overview of vegetable oils 
with reference to biodiesel. Report to IEA Bioenergy (Task 40). London; 
2009. 

Righelato R, Spraklen DV. Carbon mitigation by biofuels or by saving and 
restoring forest. Science 2007;317:902. 

Laborde D. Assessing the land use change consequences of European 
biofuels policies. Washington, DC: International Food Policy and Research 
Institute (IFPRI); 2011. 

Stephenson AL, Dennis JS, Scott SA. Improving the sustainability of petro- 
leum from oilseed rape in the UK. Process Safety and Environmental 
Protection 2008;86:427-40. 

Instituto Nacional de Estadisticas (INE). Agropecuarias informe 2008. 
Santiago: INE; 2008. 

Burke D. Biofuels - is there a role for GM? Biologist 2007;5:52-6. 
Ecobilan. Bilans énergétiques et gaz a effet de serre des filières de 
production de biocarburants en France. Paris: ADEME/DIREM; 2002. 
Gartner SO, Reinhardt GA. Life cycle assessment of biodiesel: update and 
new aspects. Heidelberg: IFEU; 2003 Proj No 530/025. 

Rathke GW, Diepenbrock W. Energy balance of winter oilseed rape (Brassica 
napus L.) cropping as related to nitrogen supply and preceding crop. 
European Journal of Agronomy 2006;24:35-44. 

Tate M, Purchas C. EECA peer review for canola life cycle assessment. 
Wellington: Sinclair Knight Merz Ltd; 2008. 

(S&T)? Consultants Inc (to Canola Council of Canada). Lifecycle analysis 
canola biodiesel. Delta, BC: (S&T); 2010. 

Smith EG, Janzen HH, Newlands NK. Energy balances of biodiesel produc- 
tion from soybean and canola in Canada. Canadian Journal of Plant Science 
2007;87:793-801. 

Cardone M, Mazzoncini M, Menini S, Rocco V, Senatore A, Seggiani M, et al. 
Brassica carinata as an alternative oil crop for the production of biodiesel in 
Italy: agronomic evaluation, fuel production by transesterification and 
characterization. Biomass and Bioenergy 2003;25:623-36. 

Bona S, Mosca G, Vamerali T. Oil crops for biodiesel production in Italy. 
Renewable Energy 1999;16:1053-6. 

European Council Directive 91/676/EEC of 12 December 1991 concerning 
the protection of waters against pollution caused by nitrates from agricul- 
tural sources. Off J 31 December 1991. L375: 1-8. 

Report from the Commission to the Council and the European Parliament 
on implementation of Council Directive 91/676/EEC concerning the protec- 
tion of waters against pollution caused by nitrates from agricultural sources 
based on Member State reports for the period 2004-2007. Brussels; 13 July 
2011. SEC 909. 

Clive J. ISAAA Brief 35-2006: Highlights. Global states of commercialized 
biotech/GM crops. Manila/Nairobi/Ithaca, NY: International Service for the 
Acquisition of Agri-Biotech Applications (ISAAA); 2006. Available online 
<http://www.isaaa.org>. 

Giampietro M, Ulgiati S. Integrated assessment of large-scale biofuels. 
Critical Reviews in Plant Sciences 2005;24(5-6):365-84. 

Ulgiati S. A comprehensive energy and economic assessment of biofuels: 
when green is not enough. Critical Reviews in Plant Sciences 2001;20: 
71-106. 

Cavalett O, Ortega E. Integrated environmental assessment of biodiesel 
production from soybean in Brazil. Journal of Cleaner Production 2010;18: 
55-70. 

Malça J., Freire F. Addressing land use change and uncertainty in 
the life-cycle assessment of wheat-based bioethanol. Energy 2012;45: 
519-27. 

Malça J, Freire F. Life-cycle studies of biodiesel in Europe: a review 
addressing the variability of results and modeling issues. Renewable & 
Sustainable Energy Reviews 2011;15(1):338-51. 

US Environmental Protection Agency. Regulation of fuels and fuel additives: 
changes to renewable fuel standard program; Final rule, 40 CFR Part 80. 
Washington, DC: US EPA; March 2010: Part II. Available online <http:// 
www.epa.gov/otaq/fuels/renewablefuels/regulations.htm >. 

Vogt KA, Vogt DJ, Shelton M, Cawston R, Nackley L, editors. Bio resource- 
based energy for sustainable societies. Hauppage, NY: Nova Science Publ 
Inc; 2010. 

Phalakornkule C, Petiruksakul A, Puthavithi W. Biodiesel production in a 
small community: Case study in Thailand. Resources Conservation and 
Recycling 2009;53:129-35. 

Bernesson S, Nilsson D, Hansson PA. A limited LCA comparing large- and 
small-scale production rape methyl ester (RME) under Swedish conditions. 
Biomass and Bioenergy 2004;26:545-59. 

Vigon BW, Tolle DA, Cornaby BW, Latham HC, Harrison CL, Boguski TL, et al. 
Life-cycle assessment inventory guidelines and principles. Columbus, OH: 
EPA; 1993 EPA/600/R-92/245. 


54 


55 


56 


57 


58 


59 


60 


61 


62 


63 


64 


65 


66 


67 


68 


69 


70 


71 


72 


73 


74 


75 


76 


77 


78 


79 


80 


81 


82 


83 


Huo H, Wang M, Bloyd C, Putsche V. Life-cycle assessment of energy and 
greenhouse gas effects of soybean-derived biodiesel and renewable fuels. 
Argonne, IL: Argonne National Laboratory; 2008 ANL/ESD/08-2. 

Hou J, Zhang P, Yuan X, Zhang Y. Life cycle assessment of biodiesel from 
soybean, jatropha and microalgae in China conditions. Renewable & 
Sustainable Energy Reviews 2011;15:5081-91. 

Mortimer ND, Cormack P, Elsayed MA, Horne RE. Evaluation of the 
comparative energy, global warming and socio-economic costs and benefits 
of biodiesel. London: DEFRA; 2003 Rept 20/1. 

Culshaw F, Butler C. A review of the potential of biodiesel as a transport 
fuel. Harwell: Energy Technology Support Unit; 1992 ETSU-R-71. 
Kallivroussis L, Natsis A, Papadakis G. RD - rural development: the energy 
balance of sunflower production for biodiesel in Greece. Biosystems 
Engineering 2002;81(3):374 54. 

Janulis P. Reduction of energy consumption in biodiesel fuel life cycle. 
Renewable Energy 2004;29:861-71. 

Venturi P, Venturi G. Analysis of energy comparison for crops in European 
agricultural systems. Biomass and Bioenergy 2003;25(3):235-55. 

Kim S, Dale BE. Allocation procedure in ethanol production system from 
corn grain. International Journal of Life Cycle Assessment 2002;7(4): 
237-43. 

Weidema BP System expansions to handle co-products of renewable 
materials. Abstr 7th LCA Case Studies Symposium SETAC-Europe. Ghent; 
1999. pp. 45-8. Available online <http://www.lca-net.com/files/casestudy99. 
pdf>. 

Weidema BP. Addendum to the article Avoiding co-product allocation in 
life-cycle assessment. Journal of Industrial Ecology 2001;4(3):11-33. 
Schmidt JH. Comparative life cycle assessment of rapeseed oil and palm oil. 
International Journal of Life Cycle Assessment 2010;15:183-97. 

Kim S, Dale BE. Life cycle assessment of various cropping systems utilized 
for producing biofuels: bioethanol and biodiesel. Biomass and Bioenergy 
2005;29:426-39. 

Van Zeijts H, Leneman H, Wegener Sleeswijk A. Fitting fertilization in LCA: 
allocation to crops in a cropping plan. Journal of Cleaner Production 
1999;7(1):69-74. 

Friedrich A, Glante F, Schluter C, Golz C, Noh I, Reinhard G, et al. Ökologische 
Bilanz von Rapsöl bzw. Rapsölmethylester als Ersatz von Dieselkraftstoff. 
Report of the Umweltbundesamt, Berlin; 1993: Texte 4/93 [in German]. 
Weidema B.P., Posma G., Mortensen B. The treatment of land use in life 
cycle impact assessment. In: Proceedings of 6th SETAC-Europe Ann Mtg, 
Taormina; 19-22 May 1996. p. 101. 

Mattson B, Cederberg C, Blix L. Agricultural land use in life cycle assessment 
(LCA): case studies of three vegetable oil crops. Journal of Cleaner Produc- 
tion 2000;8:283-92. 

Kløverpris J, Wenzel H, Nielsen P. Life cycle inventory modelling of land use 
induced by crop consumption. Part 1. International Journal of Life Cycle 
Assessment 2008;13(1):13-21. 

Dominguez-Faus R, Powers SE, Burken JG, Alvarez PJ. The water footprint of 
biofuels: a drink or drive issue? Environmental Science and Technology 
2009;43(9):3005-10. 

Koehler A. Water use in LCA: managing the planet’s freshwater resources. 
International Journal of Life Cycle Assessment 2008;13(6):451-5. 

Jeswani HK, Azapagic A. Water footprint: methodologies and a case study 
for assessing the impacts of water use. Journal of Cleaner Production 
2011;19(12):1288-99. 

Notarnicola B, Huppes G, Van den Berg NW. Evaluating options in LCA: the 
emergence of conflicting paradigms for impact assessment and evaluation. 
International Journal of Life Cycle Assessment 1998;3(5):289-300. 

Weiss M, Patel M, Heilmeier H, Bringezu S. Applying distance-to-target 
weighing methodology to evaluate the environmental performance of bio- 
based energy, fuels and materials. Resources Conservation and Recycling 
2007;50:260-81. 

Finnveden G, Hofstetter P, Bare JC, Basson L, Ciroth A, Mettier T, et al. 
Normalization, grouping, and weighing in life-cycle impact assessment. In: 
Udo de Haes HA, Finnveden G, Goedkoop M, Hauschild M, Hertwich EG, 
Hofstetter P, Jolliet O, Klopffer W, Krewitt W, Lindeijer E, Miller-Wenk R, 
Olsen SI, Pennington DW, Potting J, Steen B, editors. Life-cycle assessment: 
striving towards best practice. Pensacola, FL: Society of Environmental 
Toxicology and Chemistry (SETAC); 2002. p. 177-208. 

ISO 14040. Environmental management - Life cycle assessment - Principles 
and framework. ISO/TC207/SC5. Geneva: International Organization for 
Standardisation; 1997. 

Steen B, Ryding SO. The EPS enviro-accounting method. Stockholm: Swed- 
ish Waste Research Council; 1993 AFR Report 11. 

Gover MP, Collings SA, Hitchcock GS, Moon DP, Williams GT. Alternative 
road transport fuels-a preliminary life-cycle study for the UK. Harwell: 
Energy Technology Support Unit; 1996. Report R92. vol. 2. 

ECOTEC Research and Consulting Ltd. Emissions from liquid biofuels. 
Birmingham: ECOTEC; 2000. 

Nanaki EA, Koroneos CJ. Comparative LCA on the use of biodiesel, diesel and 
gasoline for transportation. Journal of Cleaner Production 2012;20:14-9. 
Reinhard J, Zah R. Consequential life cycle assessment of environmental 
impacts of an increased rapemethylester (RME) production in Switzerland. 
Biomass and Bioenergy 2011;35(6):2361-73. 

Sanz Requena JF, Guimaraes AC, Quirós Alpera S, Relea Gangas E, 
Hernandez-Navarro S, Navas Gracia LM, et al. Life cycle assessment (LCA) 


M.F. Milazzo et al. / Renewable and Sustainable Energy Reviews 18 (2013) 350-389 387 


of the biofuel production process from sunflower oil, rapeseed oil and 
soybean oil. Fuel Processing Technology 2011;92:190-9. 

84] Hong J. Uncertainty propagation in life cycle assessment of biodiesel versus 

diesel: Global warming and non-renewable energy. Bioresource Technology 

2012;113:3-7. 

85] Iriarte A, Rieradevall J, Gabarrell X. Life cycle assessment of sunflower and 

rapeseed as energy crops under Chilean conditions. Journal of Cleaner 

Production 2010;18:336-45. 

86] Campbell A, McCurdy M. Primary energy and greenhouse gas emissions 

from biodiesel made from Southland rapeseed. Lower Hull (NZ): CRL Energy 

Ltd; 2008 CRL Rept. No. 08-11583. 

87] Zah R, Boni H, Gauch M, Hischier R, Lehmann M, Wagner P. Life cycle 

assessment of energy products: environmental impact assessment of 

biofuels. St. Gallen: EMPA; 2007. 

88] Harding KG, Dennis JS, Von Blottnitz H, Harrison STL. A life-cycle compar- 

ison between inorganic and biological catalysis for the production of 

biodiesel. Journal of Cleaner Production 2007;16:1368-78. 

89] Mortimer ND, Elsayed MA. North East biofuel supply chain carbon intensity 

assessment. Sheffeld: North Energy Associates, Ltd; 2006. 

90] Gartner SO, Reinhardt GA. Environmental implications of biodiesel (life- 

cycle assessment). In: Knothe G, Van Gerpen J, Krahl J, editors. The biodiesel 

handbook. Urbana IL: AOCS Press; 2005. p. 219-30. 

Kaltschmitt M, Reinhardt GA, Stelzer T. Life cycle assessment of biofuels under 

different environmental aspects. Biomass and Bioenergy 1997;12(2):121-34. 

92] Spirinckx C, Ceuterick D. Biodiesel and fossil diesel fuel: Comparative life cycle 

assessment. International Journal of Life Cycle Assessment 1996;1(3):127-32 

[Proceedings of 6th SETAC Europe Mtg: LCA-Selected Papers]. 

93] De Nocker L, Spirinckx C, Torfs R. Comparison of LCA and external cost 

analysis for biodiesel and diesel. In: Proceedings of 2nd international 

conference on LCA in agriculture, agro-industry and forestry. Brussels; 3- 

4 December 1998. Available online <http://www.novem.nl>. 

94] Spröndly R. Fodertabeller för idisslare (Fodder tables for ruminants). 

Speciella skrifter no. 52. Uppsala: The Swedish University of Agricultural 

Sciences; 1993 [in Swedish]. 

95] Bournay L, Hillion G, Boucot P, Chodorge JA, Bronner C, Forestiere A. 

(to Institut Français du Petrole). Process for the production of alkyl esters 

from vegetable or animal oil and aliphatic monohydric alcohol. European 

Patent 1,352,893 AI; 15 October 2003. 

96] Bart JCJ, Palmeri N, Cavallaro S. Biodiesel science and technology. From soil 

to oil. Cambridge/Boca Raton, FL: Woodhead Publishing Ltd/CRC Press; 

2010 p. 571-624. 

97] ECOTEC Research and Consulting Ltd, Financial and environmental impact 

of biodiesel as an alternative to fossil diesel in the UK. Birmingham: 

ECOTEC; November 1999. 

98] Richards IR. Energy balances in the growth of oilseed rape and of wheat for 

bioethanol. Ipswich: Levington Agriculture Ltd; 2000. 

99] ECOTEC Research and Consulting Ltd. Lifecycle greenhouse gas assessment 

of RME - Comparative emissions from set-aside and wheat. Birmingham: 

ECOTEC; 2001. 

[100] ECOTEC Research and Consulting Ltd. Analysis of costs and benefits from 
biofuels compared to other transport fuels. Birmingham: ECOTEC; 2002. 

[101] Wintzer D, Furniss B, Klein-Vielhauer S, Leible L, Nieke E, Rosch Ch, et al. 
Technikfolgenabschatzung zum thema Nachwachsende Rohstoffe (Techni- 
cal process assessment of renewable energy raw materials). Münster: 
Landwirtschaftsverlag GmbH; 1993 [in German]. 

[102] Kaltschmitt M, Reinhardt GA, editors. Nachwachsende Energieträger- 
Grundlagen, Verfahren, Okologische Bilanzierung (Renewable energy sources, 
processes and ecological balance). Braunschweig/Wiesbaden: Vieweg Verlag; 
1997 [in German]. 

[103] Spirinckx C, Ceuterick D. Comparative life-cycle assessment of diesel and 
biodiesel. Mol: VITO (Flemish Institute for Technological Research); 1996. 

[104] Beer T, Grant T, Morgan G, Lapszewicz J, Anyon P, Edwards J, et al. 
Comparison of transport fuels. Life cycle emissions analysis of alternative 
fuels for heavy vehicles. Aspendale: CSIRO; 2002 Final Report EV45A/2/F3C. 

[105] Choudhury R, Weber T, Schindler J, Weindorf W, Wurster R. (to General 
Motors). Well-to-wheels analysis of energy use and greenhouse gas emissions 
of advanced fuel/vehicle systems - a European study. Ottobrunn: L-B- 
Systemtechnik GmbH; 2002. Available online < http://www.lbst.de/gm-wtw. 

[106] Gartner SO, Reinhardt GA. Ökologischer Vergleich von RME und Rapsöl. 
Heidelberg: Fachagentur Nachwachsende Rohstoffe e.V; 2001 [in German]. 

[107] Gartner SO, Reinhardt GA. Biodiesel or pure rapeseed oil for transportation: 
which one is the best for the environment. In: Proceeding of 12th European 
conference on biomass for energy, industry and climate protection. Amster- 
dam; 17-21 June 2002. p. 1158-61. 

[108] Brauer S, Vogel A, Miiller-Langer F. Cost and life-cycle analysis of biofuels 
(long version). Berlin: UFOP; 2008 Available online. 

[109] European Commission (DG XII). ExternE, Externalities of energy. 2nd ed. 
Brussels: EC; 1998 [Vol. 2 Methodology]. 

[110] Frischknecht R, Steiner R, Jungbluth N. The ecological scarcity method. Eco- 
factors 2006. Bern: Federal Office of the Environment; 2009. 

[111] Ahbe S, Braunschweig A, Miiller-Wenk R. Methodik für Oekobilanzen auf 
der Basis ökologischer Optimierung. Schriftenreihe Umwelt Nr 133. Bern: 
Bundesamt fiir Umwelt, Wald und Landschaft (BUWAL); 1990 [in German]. 

[112] Burney JA, Davis SJ, Lobell DB. Greenhouse gas mitigation by agricultural 
intensification. Proceedings of National Academy of Sciences U.S.A. 
2010;107(26):12052-7. 


91 


[113] FAOSTAT. Agricultural data. Rome: Food and Agricultural Organisation of 
the United Nations (FAO). Available online <http://www.faostat.fao.org >. 

[114] Schiitz H, Bringezu S. Flachenkonkurrenz bei der weltweiten Bioenergie- 
produktion (Competition for land area for global bioenergy production). 
Wuppertal/Bonn: Forum Umwelt & Entwicklung; 2006 24 pp. [in German]. 

[115] Ekvall T, Weidema BP. System boundaries and input data in consequential 
life cycle inventory analysis. International Journal of Life Cycle Assessment 
2004;9(3):161-71. 

[116] EU Directive 2000/60/EC of the European Parliament and of the Council of 
23 October 2000 establishing a framework for community action in the field 
of water policy. Off J 22 December 2000. L327: 1-73. 

[117] European bioenergy network NTB (liquid biofuels). Available online 
<http://www.nf-2000.org/home.html, and http://eubionet.vtt.fi/>. 

[118] Brassica carinata the onset of a new crop for biomass and industrial non- 
food oil. FAIR CT96 1946 European Project Final Report. 

[119] European Commission. Energy for the future - renewable sources of energy. 
White paper for a community strategy and action plan. Brussels: EC; 1997. 
COM (97) 599. 

[120] Gasol CM, Gabarrell X, Anton A, Rigola M, Carrasco J, Ciria P, et al. Life cycle 
assessment of a Brassica carinata bioenergy cropping system in Southern 
Europe. Biomass and Bioenergy 2007;31:543-55. 

[121] Tripathi MK, Mishra AS. Glucosinolates in animal nutrition: a review. 
Animal Feed Science and Technology 2007;132:1-27. 

[122] Brentrup F, Palliere C. GHG emissions and energy efficiency in European 
fertilizer production and use. York: The International Fertilizer Society; 
2008 [Proc. 639]. 

[123] National Resources Canada (NRCan), Canadian ammonia producers. Bench- 
marking energy efficiency and carbon dioxide emissions. Ottawa, ON: 
NRCan; 2007. Available online <http://oee.nrcan.gc.ca/publications/info 
source/home/index.cfm?act=online&id=5972&format=PDF&lang=01 >. 

[124] Brimner TA, Gallivan GJ, Stephenson GR. Influence of herbicide-resistant 
canola on the environmental impact of weed management. Pest Manag- 
ment Science 2005;61(1):47-52. 

[125] Pradhan A, Shrestha DS, McAloon A, Yee W, Haas M, Duffield JA. Energy life- 
cycle assessment of soybean biodiesel revisited. Transactions of ASABE 
2011;54(3):1031-9. 

[126] Clair S, Hillier J, Smith P. Estimating the pre-harvest greenhouse gas costs of 
energy crop production. Biomass and Bioenergy 2008;32(5):442-52. 

[127] Barber A, Campbell A, Hennessy W. Primary energy and net greenhouse gas 
emissions from biodiesel made from New Zealand tallow. Lower Hull: CRL 
Energy Ltd; 2007 CRL Energy Report 06-11547b. 

[128] Mittelbach M, Remschmidt C. Biodiesel. The comprehensive handbook. 
Vienna: Boersendruck Ges; 2004. 

[129] Yin FS, Teah YK. Status of biodiesel industry in China. Detergents and 
Cosmetics 2008;31(2):1-3 [in Chinese]. 

[130] Gao Q, Shen FZ, Qin JH. A summary of biodiesel and its production. 
Petroleum and Petrochemical Today 2007;15(2):17-21 [in Chinese]. 

[131] Zhang Y, Dubé MA, MacLean DD, Kates M. Review paper: biodiesel 
production from waste cooking oil: 1. Process design and technological 
assessment. Bioresource Technology 2003;89:1-16. 

[132] Slade R, Bauen A, Gross R. Prioritising the best use of biomass resources: 
conceptualising trade-offs. London: UKERC; 20 April 2010. UKERC/WP/EPA/ 
2010/003. 

[133] Guinée JB, Gorrée M, Heijungs R, Huppes G, Kleyn K, De Koning A, et al. 
Handbook on life cycle assessment. Operational guide to the ISO standards, 
I-III. Dordrecht: Kluwer Academic Publishers; 2002. 

[134] Ramharter RM. Energiebilanzierung ausgewählter Feldfriichte des biolo- 
gischen and konventionellen Landbaus im pannonischen Klimaraum. The- 
sis. University of Vienna; 1999 [in German]. 

[135] Stehfest E.. In: Edwards R, Mulligan D, Marelli L. Indirect land use change 
from increased biofuels demand. EUR 24485 EN. Ispra: EC Joint Research 
Centre; 2010. p. 107. 

[136] Head SW, Swetman AA, Hammonds TW, Gordon A, Southwell KH, Harris RV. 
Small scale vegetable oil extraction. Chatham Maritime: National Resources 
Institute; 1995. 

[137] Pervanchon F, Bockstaller C, Girardin P. Assessment of energy use in arable 
farming systems by means of an agro-ecological indicator: the energy 
indicator. Agricultural Systems 2002;72:149-72. 

[138] Jones MR. Analysis of the use of energy in agriculture - approaches and 
problems. Agricultural Systems 1989;29:339-55. 

[139] Diepenbrock W. Yield analysis of winter rapeseed crops (Brassica napus L.): 
a review. Field Crops Research 2000;67:35-49. 

[140] McLaughlin NB, Hiba A, Wall GJ, King DJ. Comparison of energy inputs for 
inorganic fertilizer and manure based corn production. Canadian Journal of 
Agricultural Engineering 2000;42(1):9-17. 

[141] Moerschner RJ. Stoff- und Energiebilanzen von Ackerbausystemen 
unterschiedlicher Intensität - eine Untersuchung an den Rapsfruchtfolgen 
des Göttinger INTEX - Systemversuchs. Forschungsbericht Agrartechnik; 
2000 MEG 389 [in German]. 

[142] Reinhardt GA. Energie- und CO -Bilanzierung nachwachsende_ Rohstoffe: 
Theoretische Grundlagen und Fallstudie Raps. Verlag: Vieweg; 1993 
[in German]. 

[143] Bugge J. Note: Rape seed oil for transport. 1. Energy balance and CO2 
balance based on EMBIO, the Danish Energy Agency’s model for economic 
and environmental assessment of biofuels. Ydby: Folkecenter for Renewable 
Energy, Danish Center for Plant Oil Technology; 2001. 


388 M.F. Milazzo et al. / Renewable and Sustainable Energy Reviews 18 (2013) 350-389 


144] Charles R, Vullioud P. Field pea and nitrogen in the crop rotation. Abstr 4th 
European conference on grain legumes. Cracow: AEP; 2001 p. 2. 

145] Wolf J, Bindraban PS, Luyten JC, Vieeshouwers LM. Exploratory study on the 
land area required for global food supply and the potential global produc- 
tion of bioenergy. Agricultural Systems 2003;76:841-61. 

146] Kinzig AP, Socolow RH. Human impacts on the nitrogen cycle. Physics Today 
1994;47(11):24-31. 

147] Franzluebbers AJ, Francis CA. Energy output: input ratio of maize and 
sorghum management systems in eastern Nebraska. Agriculture, Ecosys- 
tems & Environment 1995;53:271-8. 

148] Pimentel D. Economics and energetics of organic and conventional farming. 
Journal of Agricultural and Environmental Ethics 1993;6(1):53-9. 

149] Edwards R, Szekeres S, Neuwahl F. Biofuels in the European context: facts 
and uncertainties. Ispra: EC Joint Research Centre; 2008. 

150] Park S, Croteau P, Boering KA, Etheridge DM, Ferretti D, Fraser PJ, et al. 
Trends and seasonal cycles in the isotopic composition of nitrous oxide 
since 1940. Nature Geoscience 2012;5:261-5. 

151] Dalgaard T, Halberg N, Fenger J. Fossil energy use and emission of green- 
house gases - three scenarios for conversion to 100% organic farming in 
Denmark. In: Van Ierland E, Lansink AO, Schieman E, editors. Proceedings of 
international conference on sustainable energy. New challenges for agri- 
culture and implications for land use. Wageningen; 2000 [Chapter 7.2.1.]. 

152] EUCAR, CONCAWE, JRC. Well-to-wheels analysis of future automotive fuels 
and powertrains in the European context. Version 2c. Ispra, JRC; March 
2007. Available online <http://ies.jrc.cec.eu.int/ Download/eh/31 >. 

153] Mosier A, Kroeze C, Neirson C, Oenema O, Seitzinger S, Van Cleemput O. Closing 
the global N2O budget: nitrous oxide emissions through the agricultural 
nitrogen cycle. Nutrient Cycling in Agroecosystems 1998;52:225-48. 

154] Crutzen PJ, Mosier AR, Smith KA, Winiwarter W. N20 release from agro- 
biofuel production negates global warming reduction by replacing fossil 
fuels. Atmospheric Chemistry and Physics Discussions 2007;7:11191-205. 

155] Skiba U, McTaggert IP, Smith KA, Hargreaves KJ, Fowler D. Estimates of 
nitrous oxide emissions from soil in the UK. Energy Conversion and 
Management 1996;37(6-8):1303-8. 

156] Heinemeyer O, Kiicke M, Kohrs K, Schnug E, Munch JC, Kaiser EA. Lachgase- 
missionen beim Rapsanbau. Landbauforschung Vélkenrode 1998; SH190: 
173-81 [in German]. 

157] <http://www.extension.iastate.edu/nwcrops/fertilizer_and_soil_ph.htm >. 

158] Bart JCJ, Palmeri N, Cavallaro S. Biodiesel science and technology. From soil 
to oil. Cambridge/Boca Raton, FL: Woodhead Publishing Ltd/CRC Press; 2010 
p. 288-90. 

159] <http://www.ceb.cam.ac.uk/pages/biofuels.html >. 

160] Myint L.L. Process analysis and optimization of biodiesel production from 
vegetable oils. MSc thesis. Texas A&M University; 2007. 

161] (S&T)? Consultant Inc (to National Resources Canada). Biodiesel GHG 

emissions using GHGenius: an update. Ottawa, ON: (S&T)?; 2005. 77 

pp. Available online <http://www.ghgenius.ca/reports/NRCanbiodieselghge 

missionsupdate.pdf)>. 

162] Faaij APC. Bio-energy in Europe: changing technologies choices. Energy 

Policy 2006;34:322. 

163] Sheehan J, Camobreco V, Duffield J, Graboski M, Shapouri H. An overview of 

biodiesel and petroleum diesel life cycles. Golden, CO: National Renewable 

Energy Laboratory; 1998 NREL/TP-580-24772. 

164] Richards IR. (to British Association for Biofuels and Oils). Energy balances in 

the growth of oilseed rape for biodiesel and of wheat for bioethanol. 

Ipswich: Levington; 2000. Available online <http://www.senternovem.nl/ 

mmfiles/27781_tcm24-279882.pdf>. 

165] Worldwatch Institute. Biofuels for transportation. Global potential and 
implications for sustainable agriculture and energy in the 21st Century. 
Washington. DC: Worldwatch Institute; 2006. 

166] Whitaker M, Heath G. Life cycle assessment of the use of Jatropha biodiesel 
in Indian locomotives. Golden, CO: NREL; 2009 NREL/TP-6A2-44428. 

167] Fachagentur Nachwachsende Rohstoffe e.V., Basisdaten Biokraftstoffe. 
Berlin: FNR; August 2005 [in German]. 

168] Jeswani HK, Azapagic A. Life cycle sustainability assessment of second 
generation biodiesel. In: Luque R, Melero JA, editors. Advances in biodiesel 
production. Processes and technologies. Cambridge: Woodhead Publishing 
Ltd; 2012. p. 13-31. 

169] Elsayed M, Mathews R, Mortimer N. Carbon and energy balances for a range 
of biofuels options. Sheffield: Hallam University; 2003. 

170] North Energy (to Renewable Fuels Agency). Report to AEA for the RFA 
review of indirect effects of biodiesels. St Leonards-on-Sea: RFA; 2008. 
Available online <http://www.renewablefuelsagency.org >. 

171] Demirbas A. Importance of biodiesel as a transportation fuel. Energy Policy 
2007;35:4661-70. 

172] Van den Broek R, Van Waalwijk M, Niermeyer P, Tijmesen M. Biofuels in the 
Dutch market: a fact-finding study. Utrecht: Ecofys; 2003. 

173] Mortimer ND, Gormak P, Elsayed MA, Horne RE. Evaluation of comparative 
energy, global warming and socio-economic costs and benefits of biodiesel. 
London: Department for Environment, Food and Rural Affairs (DEFRA); 
2003. 

174] Niederl-Schlamadinger A, Narodoslawsky M. Life cycle assessment as an 
engineers tool. Journal of Cleaner Production 2008;16:245-52. 

175] Tan TR, Culaba AB, Purvis MRI. Application of possibility theory in the life- 
cycle inventory assessment of biofuels. International Journal of Energy 
Research 2002;26:737-45. 


[176] Graboski MS, McCormick RL. Combustion of fat and vegetable oil derived 
fuels in diesel engines. Progress in Energy and Combustion Science 
1998;24:125-64. 

[177] OECD/IEA. Sustainable production of second generation biofuels. Potential 

and perspectives in major economies and developing countries. Paris: 

OECD/IEA; 2010. 

[178] Reijnders L, Huijbrechts MAJ. Life cycle greenhouse gas emissions, fossil fuel 

demand and solar energy conversion efficiency in European bioethanol 

production for automotive purposes. Journal of Cleaner Production 
2007;15:1806-12. 

[179] Reijnders L, Huijbregts MAJ. Palm oil and the emission of carbon-based 

greenhouse gases. Journal of Cleaner Production 2008;16:477-82. 

[180] Cole CV, Duxbury J, Freney J, Heinemeijer O, Minami K, Mosier A, et al. 

Global estimates of potential mitigation of greenhouse gas emissions by 

agriculture. Nutrient Cycling in Agroecosystems 1997;49:221-8. 

[181] Banedjschafie S, Bstani S, Widmoser P, Mengel K. Improvement of water use 

and N fertilizer efficiency by subsoil irrigation of winter wheat. European 

Journal of Agronomy 2008;28:1-7. 

[182] Kirchmann H, Thorvaldsson G. Challenging targets for future agriculture. 

European Journal of Agronomy 2000;12:145-61. 

[183] Goedkoop M. The Eco-indicator 95. Final report of National Reuse of Waste 

Research Programme (NOH) carried out by PRé Consultants. Amersfoort: 

Pré Consultants; 1995. 

[184] European Commission (EC). Impact assessment of the renewable energy 

roadmap. AGRI G-2/WMD. Brussels: DG Agri (EC); 2007. 

[185] Dehue B., Meyer S., Hettinga W. Review of EU’s impact assessment of 10% 

biofuels on land use change. Report prepared for Gallagher Commission 

Review. Utrecht: Ecofys b.v.; 2008. 

[186] European Commission (EC). Report from the Commission on indirect land- 

use change related to biofuels and bioliquids. Brussels: EC; 2010 [COM 811 

final]. 

[187] Bringezu S, Steger S. Biofuels and competition for global land use. In: Berger H, 

PrieB R., editors, Bio im Tank. Chancen - Risiken - Nebenwirkungen. Global 

Issue Papers No. 20. Berlin: Heinrich-B6ll-Foundation; 2005. p. 64-79. 

[188] Commission of the European Communities. Biomass action plan. Brussels: 

EC; 7 December 2005 [COM 628 final]. 

[189] Fonseca MB, Burrell A, Gay SH, Henscler M, Kavallari A, M’Barek R, et al. 
Impacts of the EU biofuel target on agricultural markets and land use. In: 
Burrell A, editor. A comparative modelling assessment. Ispra: Joint Research 
Centre (JRC); 2010 EUR 24449 EN. 

[190] Food and Agriculture Organization of the United Nations (FAO). Global 
land use change matrix. Forest resource assessment WP134. Rome: 
FAO; 2000. 

[191] Bustamante M.M.C., Melillo J., Connor D.J., Hardy Y., Lambin E., Lotze-Campen 

H., et al. What are the final land limits. In: Howard RW, Bringezu S, editors. 

Biofuels: Environmental consequences and interactions with changing land 

use. Proceedings of SCOPE international biofuels project rapid assessment, 

Gummersbach; 22-25 September 2008. [Chapter 16]. 

[192] Commission of the European Communities. Strategy for biofuels. Brussels: 

EC; 8 February 2006 [COM 34 final]. 

[193] European Environmental Agency (EEA). Europe’s environment: the third 

assessment. Copenhagen: EEA; 2003. 

[194] Koh LP. Potential habitat and biodiversity losses from intensified biodiesel 

feedstock production. Conservation Biology 2007;21:1373-5. 

[195] Fargione J, Hill J, Tilman D, Polasky S, Hawthorne P. Land clearing and the 

biofuel carbon debt. Science 2008;319(5867):1235-8. 

[196] Bruinsma J, editor. World agriculture: towards 2015/2030: an FAO perspec- 

tive. London: Earthscan; 2002. 

[197] European Commission (EC). Report from the Commission on indirect land- 

use change related to biofuels and bioliquids. Brussels: EC; 22 December 

2010 [COM 811 final]. 

[198] Kurki A, Hill A, Morris M. (to ATTRA-National Sustainable Agriculture 

Information Service). Biodiesel. The sustainability dimensions. NCAT; 

2006. Available online <http://www.attra.ncat.org>. 

[199] International Energy Agency (IEA). Energy technology perspectives in 2020 
- Scenario & strategies to 2050. Paris: IEA; 2008. 

[200] Ecofys. Land use requirements of different EU biofuel scenarios in 2020. Utrecht: 
Ecofys; 2008. Available online <http://www.renewablefuelsagency.org>. 

[201] Intergovernmental Panel on Climate Change (IPCC). 2006 IPCC guidelines 
for national greenhouse gas inventories. In: Eggleston S, Buendia L. 
Miwa K, Ngara T, Tanabe K, editors. Agriculture, forestry and other 
land use, vol. 4. Institute for Global Environmental Strategies (IGES): 
Hayama; 2006. 

[202] Hiederer R, Ramos F, Capitani C, Koeble R, Blujdea V, Gomez O, et al. 
Biofuels: a new methodology to estimate GHG emissions from global land- 
use change. Luxemburg: Publications Office of the European Union; 2010 
EUR 24483 EN. (Available online). 

[203] Edwards R, Mulligan D, Marelli L. Indirect land use change from 
increased biofuels demand. Ispra: Joint Research Centre (JRC); 2010 EUR 
24485 EN. 

[204] AI-Riffai P, Dimaranan B, Laborde D. Global trade and environmental impact 
study of the EU biofuels mandate. Washington, DC: IFPR; 2010 IFPRI Final 
Rept Contract No $12.537.787. 

[205] Maitre E, Meissner Pritchard J. Reporting obligations under the Renewable 
Energy Directive and the Fuel Quality Directive. Brussels: ClientEarth; 
2011. 


M.F. Milazzo et al. / Renewable and Sustainable Energy Reviews 18 (2013) 350-389 389 


[206] Malins C. IFPRI-MIRAGE 2011 modelling of indirect land use change. Brussels: [210] Roadmap Biokraftstoffe. Gemeinsame Strategie von BMU/BMELV, VDA, 
International Council on Clean Transportation (ICCT); November 2011. MWYV, IG und DBV. Berlin; July 2007 [in German]. 
[207] Page SE, Morrison R, Malins C, Hooijer A, Rieley JO, Jauhiainen J. [211] Bart JCJ, Palmeri N, Cavallaro S. Biodiesel science and technology. From soil 
Review of peat surface greenhouse gas emissions from oil palm plantations to oil. Cambridge/Boca Raton, FL: Woodhead Publishing Ltd/CRC Press; 2010 
in Southeast Asia. ICCT White Paper No. 15. Washington: ICCT; September p. 285-321. 
2011. [212] Mittelbach M. Advances in biodiesel catalysts and processing technologies. In: 
[208] Fritsche U. (to BMU). The “ILUC” factor as a means to hedge risks of GHG Luque R, Melero JA, editors. Advances in biodiesel production. Processes and 
emissions from indirect land-use change associated with bioenergy feed- technologies. Cambridge: Woodhead Publishing Ltd; 2012. p. 131-53. 
stock provision. Darmstadt: Oeko-Institute; 2008. [213] Berndes G, Hoogwijk M, Van den Broek R. The contribution of biomass in the 
[209] Krahl J, Munack A, Bockey D. Property demands on future biodiesel (HVO). future global energy supply: a review of 17 studies. Biomass and Bioenergy 


Landbauforschung Vélkenrode 2007;4:415-8. 2003;25(1):1-28. 


